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SUMMARY
The primary aim of the work described 
in this thesis was to examine implanted layers of the dopant 
impurities cadmium and tellurium in gallium arsenide and to 
experimentally assess their potential for producing 
electrically active layers.
1.5 MeV Rutherford backscattering measurements 
of lattice disorder and atom site location have been used to 
assess post implantation thermal annealing and elevated 
temperature implantations to site the dopant impurities on 
either gallium or arsenic lattice positions in an otherwise 
undisordered lattice.
Pyrolitically deposited silicon dioxide was 
used as an encapsulant to prevent thermal dissociation of the 
gallium arsenide during annealing. It has been shown that its_ 
use should be restricted to temperatures less than 600°C. At 
this temperature substantial thermal degradation of the gallium 
arsenide was found to occur due to preferential out diffusion 
of arsenic.
1 fi —.2
It has been shown that high doses 10 cm ) 
of cadmium and tellurium can be implanted without forming 
amorphous lattice disorder by heating the gallium arsenide 
during implantation to relatively low temperatures 200°C)
at which no appreciable dissociation of the gallium arsenide 
or broadening of the implanted profiles by diffusion.occurs.
Atom site location measurements have shown that a large 
fraction of a tellurium dose implanted at 180°C is located 
on or near lattice sites but that in the case of cadmium 
the fraction depends on the implanted dose.
Channelled baekscatter measurements have shown 
that there is residual disorder or lattice strain in gallium 
arsenide implanted at elevated temperatures. The extent of 
this disorder has been shown to depend on the implanted dose 
and implantation temperature. The channeling effect has been 
used to measure annealing of the disorder.
It has been concluded from this work that for 
high dose implantations of cadmium and tellurium, it is more 
advantageous to implant at 180°C than at room temperature.
To achieve efficient doping, however, it could be necessary 
to anneal the residual lattice disorder. Pyrolitieally deposited 
silicon dioxide is not a suitable encapsulation for this 
purpose.
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1 . INTRODUCTION
1.1 Ion Implantation
The presence of impurities can influence 
many properties of solids in both amorphous and 
crystalline forms. This is especially true of serai 
conductors in which the electrical behaviour is determined 
by extremely small quantities of certain substances. Ion 
implantation is a technique for introducing such impurities 
into solids.
Accurate concentration and depth distributions 
can be achieved by controlling the dose and energy of the 
.imparitie-s. In principle any distribution can be 
achieved without being limited to diffusion profiles.
Ion energies are typically in the range 
keV - MeV giving depths (ranges) of 0.01 - 1 micron, 
being a function of implanted ion atomic number and density 
of the target material. Diffusion methods, on the other 
hand, are limited only by time and depths up to 100 micron 
can be achieved although profiles much less than 1 micron 
are difficult to accomplish.
A wide range of implanted ions and target 
materials has led to a diverse interest in many fields 
where any property of the material, which depends on crystal 
order or the presence of impurities, can be modified such 
as; electrical, optical, magnetic, hardness and corrosion 
resistance.
1.2 Historical foundations of ion implantation
In the early 1950fs particle accelerators 
were available as a result of a general interest in the 
interaction of atomic particles with solids and in 
particular for the study of radiation damage effects 
in nuclear reactor construction materials.
As early as 1952 ion implantation was used
(1)to modify the properties of semiconductors. Ohl
bombarded point contact silicon junctions attempting to
modify the band gap by densifying the surface. Electrical
effects were observed but in retrospect it is not clear
whether this was due to doping or radiation damage.
(2)Bredov' ' in 1961 published the first work distinguishing 
between doping and damage effects demonstrating differing 
effects in materials bombarded with oxygen and nitrogen.
The first attempt to produce a semiconductor
device, a nuclear particLe.detector, was by Alvager and
Hansen^^ (1962). They implanted phosphorus into silicon
and annealed to 600°C. Their work showed that implanted
*
phosphorus exhibited the same type doping effect as phosphorus 
introduced by conventional diffusion techniques.
A year later McCaldin and Widmer^^ (1963)
19 —3demonstrated that donor concentrations of 10 cm could 
be achieved by implanting sodium or caesium into silicon. 
Although these quantities were greater than the respective 
solid solubilities in silicon the electrical properties 
remained stable at room temperature.
King^^ et al (1963 - 65) produced nuclear 
particle detectors and solar cells on an industrial scale 
by implanting a uniform concentration of ions to shallower 
depths than can easily be achieved by diffusion techniques.
By 1966 there was a wide spread interest
in ion implantation with a realisation of its potential
to produce electronic components. The technique was
applied to a range of semiconductor devices, each exploiting
a particular feature of the technique to produce improved
performance, Meyer and Ha us ha hn (1967) and Dearnaley^^
(1968) used channelled implants in silicon and germanium
to produce thin layers with minimal damage. These were
more easily annealed than non channelled implants resulting
(8)in less life time degradation. In 1968 Sherwell et al 
produced avalanche photodiodes by implantation of phosphorus 
in silicon. These diodes had more uniform junctions than 
their diffused counterparts and showed an almost complete 
absence of microplasma breakdown.
(9)
Bower and Bill' 7 in 1966 - 68 devised a way 
of reducing the parasitic Miller capacitance caused by gate 
overlap of the source and drain regions of MOS transistors. 
Using the gate itself to mask the ion beam from the underlying 
substrate, the diffused source and drain regions, which had 
previously been deliberately made narrow, could be extended 
right up to the edges of the gate resulting in much improved 
regi stration.
Precise control of implantation depth was 
first exploited by Kerr and ' L a r g e (1968) to improve 
the control of the base width of bipo]ar transistors, and 
thereby improve their frequency of operation.
During the 1970fs the technique was used 
extensively for the production of small and large scale 
integration semiconductor devices. This was due to 
improvements in device geometry and size, resulting from 
a reduction in lateral spread of the doping profile by 
virtue of the rectilinear nature of ion beams, and 
improvements in yields by more uniform doping.
1.3 The importance of Gallium arsenide 1969 - 70
The III - V semiconductor gallium arsenide, 
like most other compound semiconductor dissociates at a 
relatively low temperature and technologically is a difficult 
material to prepare as a stoichiometric single crystal 
containing few impurities or defects. By trie late nineteen 
sixties growth techniques had improved and it was becoming 
economically feasible to exploit its properties. Its high 
mobility, direct band gap, wider band gap and bulk negative 
resistance properties offered the potential of electronic 
devices and integrated circuits that could be made with a 
greater capability than was possible with silicon and 
germanium.
Improvement was expected in terms of speed 
for logic, digital and functional devices and in terms of 
power and frequency for some r.f. power generators.
New types of electronic devices were being 
developed exploiting the bulk negative resistance that 
appears in n - type gallium arsenide. These transfer 
electron or Gunn devices promised more efficient r.f. power 
generation and with the added virtues of being cheaper 
and less complex were competing with conventional generators.
More efficient infra red detectors and 
emitters were possible as a resul't of the direct band 
gap, higher transition probability and higher absorption 
coefficient of infra red radiation compared with silicon.
Since it was already feasible to alter the 
band gap by forming a third phase with aluminium or phosphorus, 
the material also had potential applications to light emitting 
diodes and heterojunction lasers optimised to glass fibre 
transmission wavelengths of minimum attenuation, about 1 
micron.
Since ' semi conducting properties rely on' 
covalent bonding III - V compounds were potentially more 
promising than the II - VI compounds where the bonding is 
more ionic in character. Whereas the doping of gallium 
arsenide by ion implantation or diffusion was predictable 
the doping of II - Vi’s was not with a greater sensitivity
(11)to the electrical effects of defect8, particularly vacancies; '  
It is also difficult to produce p~type activity in the II. - VI 
compounds due, it is thought, to 1autocompensation’ i.e. 
compensation by self induced vacancies or interstitials.
1'.4 Device applications *
In 1969 the development of ion implantation 
doping techniques in gallium arsenide was considered to be 
particularly important for producing thin highly doped 
layers. It is difficult to form such layers in gallium 
arsenide by diffusion due to the low diffusion rates of 
the common donors and the dissociation of the material at 
relatively low temperatures for diffusion.
Other methods of producing such layers, 
for example, by epitaxial growth were more applicable to 
layer thicknesses greater than 1 micron and did not at 
that time offer the uniformity of thickness or doping 
control demanded by the device technology.
Such layers are essential for most devices 
to provide a low resistance ohmic contact to avoid power 
dissipation by heating effects.
An example at that time was the requirement 
for n+ highly doped layers for Gunn oscillators where ohmic 
heating significantly reduces the power output. Later, 
gallium arsenide growth technology became more developed 
and other device applications were possible. High frequency 
planar devices for instance require p or n type layers typically 
of micron or submicron thicknesses, for example n channel 
FET’s where thicknesses of 0.3 microns are common. Other 
device requirements include abrupt and uniform junctions 
for increased power in IMPATTS, shallow uniformly doped 
layers for Avalanche photodiodes and lower series resistance 
in MSS FETs where the Schottky contact limits the cut off 
frequency.
1.5 Research Topics at the University of Surrey
The major part of the research effort in 
semi conductor studies at the University of Surrey was 
devoted to gallium arsenide. The main objective of this 
work was to investigate doping by ion implantation 
techniques particularly with a view to device technology.
The work of this thesis from October 1969
to August 1973 was intended to compliment the interests
of the University of Surrey’s ion implantation group by
studying lattice disorder and site location of ion implanted
impurities in gallium arsenide using the technique developed
(l2)by Eriksson et al' 1 of light ion Rutherford scattering 
combined with ion channeling.
Cadmium and tellurium were particularly
suitable ions for these studies since they are commonly
used to dope gallium arsenide by incorporation during
crystal growth and their electrical behaviour as such has 
(13)been reported.' J Both ions have a greater atomic mass 
than gallium arsenide lattice atoms so that implant and 
host lattice signals are well separated on a Rutherford 
Backscattering energy spectrum. This choice also allowed 
a comparison of behaviour between a donor and an acceptor 
of comparable atomic mass which were expected to produce 
a similar extent of lattice disordering for equal energy 
implants but not necessarily the same disorder annealing 
behaviour.
At the end of 1970 the electrical properties 
of annealed room temperature implants of cadmium, tellurium 
and sulphur were being studied by other workers in the 
group. Sheet resistivity and capacitance - voltage 
characteristics were being measured. Sample preparation 
techniques such as material polishing and tin bead 
contacting had been established. Apparatus for encapsulation 
with silicon dioxide and measurement of Hall effect became
V.
available within the next year.
2. THE ION IMPLANTATION PROCESS
2.1 Introduc ti on
Ion implantation is a technique for injecting 
impurity atoms into solids by bombardment with ions at energies 
in the range ke'V to MeV. In particular it is useful as a 
semiconductor doping technique since precisely controlled 
quantities of a wide range of impurities can be implanted 
in a reproducible manner.
To be of practical use as a doping technique, 
however, it is important to know how deeply the ions penetrate 
the semiconductor material and whether the energetic ions 
damage the lattice structure.
To achieve predictable and reproducible doping 
of the group IV and III ~ V semiconductor materials where the 
lattice bonding is mainly covalent rather than ionic in character
it is necessary for the impurity to occupy lattice sites in 
an otherwise undamaged lattice.
In the following section a review is given of 
the considerations that have been used to formulate ion ranges 
as a function of implantation energy and to quantify the extent 
of lattice damage caused.by ion bombardment. In addition, thermal 
annealing as a means of restoring lattice order and substitutional 
site occupation of the implanted impurities is reviewed.
2.2 Ion ranees and distributions.    ■ ■! I  -  - -■ .——I...... .
2.2.1 Ion energy loss mechanisms
A knowledge of the mechanisms of energy 
loss as an ion penetrates a solid target is important 
for the formulation of range energy relationships and 
in understanding the nature and extent of damage to 
the target material.
v.
Various stopping mechanisms originally 
(35)
proposed by Bohr1 ' are given here together with a review 
of ion range formulations and the physical processes of 
target damaging effects.
Ions at keV energies lose energy by two 
main processes, nuclear scattering and electronic
(i t)scattering.' 7 Nuclear scattering is a close encounter 
collision process, due to Coulomb interactions between the 
screened nuclear charges of the ion and target atom, in 
which energy is transmitted as /cicat ic. dnergy, , to a 
target atom. It is this mechanism that can lead to 
displacement of target atoms and damage of the target 
material.
Electronic scattering is an interaction 
between bound or free target electrons when the moving 
ion excites or ejects electrons from target atoms. The 
energy loss per target atom is much smaller than for 
nuclear collisions, and the trajectory deflection is 
negligible.
/ 3 0 \
Nuclear scattering effects are dominant - 
for high atomic number ions at low energies whereas 
electronic scattering is greater for lighter ions at 
higher energies.
The relative importance of these two 
mechanisms is illustrated in Fig (l) and Table (l).
TABLE 1
Ion
€ 1 (keV)
V,
^2 (keV) *3
(keV)in Si in Ce in Si in Ge
B 3 7 17 13 3.10^
P 17 29 1.40 140 3.104
As 73 103 800 800 2. IQ5
Sb 180 230 2000 2000 6.10®
Bi 530 600 6000 6000 2.10
A third energy loss mechanism, due to
charge transfer between the moving ions and target atom, 
is less important at energies of interest in ion implantation 
studies i.e. 20 - 400 keV.
This mechanism, which can amount to about
(j 7
1 0 7 of the total stopping effect at an energy 
intermediate between those at which nuclear and electronic 
scattering predominate, has a maximum effect when the ion 
velocity is comparable with the Bohr electronic velocity, 
which is about 700 keV for a phosphorus ion.
2.2.2 Formulations of Ion ranges
( ° 7  )In 1953 Lindhard and Scharff' 1 used..a
( 3 R ^similar model as Fermi and Teller' 7 had earlier in 1947 
to find the energy loss of a particle with constant charge
passing through a medium regarded as an electron gas. 
They found that the energy loss was proportioned to 
particle velocity giving a simple velocity proportionaly 
of electronic stopping.
(39)Lindhard' ' later considered stopping by 
nuclear and electronic scattering and charge exchange 
processes. Although the first two of these processes 
are correlated, since in close collisions there will 
be a high degree of ionization, Lindhard showed that it 
is justifiable to regard electronic stopping as a 
continuous process. The total stopping power can then 
be regarded as the sum of three components.
[dE] , . fdEl fdEl
Ldxj dx. nuclear .dx.
'dE
dx charge exchange
Firsov } approached the electronic stopping 
problem in a different way by considering the overlap of 
electron orbitals of ion and electron at the time of 
collision, accounting for both electron excitation and 
charge exchange effects. The Thomas Fermi statistical 
model of the atom was assumed.
This treatment successfully accounted for
electronic stopping at low and intermediate ion velocities o-nct
again predicted a proportionality to ion velocity. This
(41) .
work was experimentally verified later by Teplova in
8 •—11962 for various ions at velocities of 4.10 cm sec” .
The work of Lindhard, Scharff and Schiott
(LSS) in 1961 and 1963 led to the range-energy formulations
(42)
most widely used today for ion implantation purposes.
Lindhard and Scharff derived an expression 
for electronic stopping in 1961 using a Thomas Fermi 
model of the atom and this was later combined in 1963 
by LSS with nuclear stopping calculations for which both 
power law and Thomas Fermi potentials were considered as 
screened nuclear potentials. They expressed nuclear and 
electronic stopping in terms of reduced range and energy 
parameters giving specific energy loss relationships 
from which range-energy data in amorphous targets can 
be calculated. This work is discussed in more detail 
in the next section (2.2.3).
Range-energy relationships have been 
calculated and published, using LSS predictions for a 
variety of ions in solids. '
The use of a Thomas Fermi model of the 
atom by Lindhard and Scharff resulted in an electronic 
stopping power that increases monotonically with increasing 
atomic number of the projectile ion for a given value of 
target atomic number and ion velocity.
Teplova^^ however, predicted an oscillatory 
dependence on atomic number of electronic stopping and 
this was confirmed experimentally by Ormrod^^ and 
Hvelplund and Fastrup.^
/ A
Cheshire . accounted for this variation
in a model for electronic stopping hased on the earlier 
one of Firsou hut using Hartree Fock atomic wave functions 
rather than a Thomas Fermi distribution of electrons. In 
the energy region of interest for ion implantation, the 
oscillatory dependence affects the range of ions in silicon 
by about 10$ and even less for targets of higher atomic 
„umber.<47>
in terms of dimensionless length and energy parameters 
f  and £ defined as
N the number of atoms per unit volume 
Z,M atomic number and mass with subscripts
p,t referring to projectile and target
atoms respectively 
R is the range in centimetres
E the ion energy, keV
e the electronic charge
2.2.3 LSS range-energy relationships
Lindhard, Scharff and Schiott
derived a universal relationship for nuclear stopping
,2
€ =E(a/e2HMt /Z pZt(Mp+Mt )]
2a 2a 1a
a ^ 0685302(2^ + 2/3r2
o p  i
—8where a is the Bohr radius, 0.529 .10”” eras o 7
When a Thomas Fermi potential is assumed,
the form of d€
IW1
can he expressed in terms of the energy(T)
n ( 17)transferred during a collision by:
Jo
d/>
where /(t) = E T and (T) can have a value 
Tm
between zero and a maximum (T ) given by
T = 4M M, E/(M + M. )2 m p t . ■ ' p t
j f  ( t2) is a universal function of the ion masses and
/ j g \
energy and has been tabulated by Lindhard. '
The form of the nuclear stopping power
curve as a function of energy is illustrated by the solid
line of Fig, (l ). Examples of £ and f  for both silicon
and germanium targets are given below Table (2) for several
ions. Note that the average M and Z for gallium arsenide
is Very close to that o f germanium.
TABLE 2
Ion
£/E(keV) //Rf mi crons) k
Si Ge Si Ge Si Ge
B 0.133 0.049 32.2 10.6 0.22 0.47
P 0.021 0.012 29.0 15.7 0.14 0. 24
As - 0.0045 0.0034 17.0 14.8 0.12 0.16
Sb 0.0019 . 0.0015 10.7 11.9 0.11 0.14
Bi 0.00066 0.00059 5.8 8.0 0.11 0.13
The contribution to the total stopping due 
to electronic collisions is given by a velocity proportional
deelectronic stopping power given by:-
(- cle/d/)e = ke2
where k = £ 0.07'93z| + M. )3'2e -p p t
W'" 2r TF o' / q T
(z® + z3) m y " M |P fc p t
z ^e“~ pand is of the order of 1 to 2 i.e. ^ Z
The electronic stopping calculation did 
not give a universal curve hut a ^ family of curves ; 
characterised by a particular value or k for a given 
combination of projectile and target atom. Examples 
of k values are given in Table (2).
The relative importance of the two stopping 
mechanisms is shown in Fig. (l). Nuclear stopping is 
dominant at low energies, reaching a maximum at 6 = 0.35. 
Electronic stopping increases linearly with ion velocity, 
becomming the dominant process for energies greater than 
6 = --3.
Typical values for the maxima and 
and the point where the stopping powers are equal, 
are given in Table (l).
The range-energy relationship is obtained
by adding the appropriate de“w a curve to the universal
de
n
curve. This can then be in tegrated to zero to give the 
range as a function of energy.
The ion range obtained in this way is the 
total distance travelled by the ion between all collisions* 
A more practical quantity for ion implantation purposes is
the projection of this range along the ion beam direction 
(48 ) (49 )Sehiott has shown that the ratio of ion range to
projected range can be expressed as:
R/Rp = (1 + bMt/Mp)
where b is a function of energy and range.
In the energy range where nuclear stopping
processes dominate and for M > Mr, b is approximately
P t
V.
i/3. At higher energies where electronic stopping becomes 
more important, b becomes less.
When M { M, the correction factor b needsp t
to be larger than l/3 but electronic stopping is usually 
appreciable which offsets the increase in the correction.
2.2.4 Ion distributions
/ J Z' \
Lindhard,' * using the Thomas Fermi potential
assumed as a first order approximination that the distribution
of ions would be approximately Gaussian and could therefore
be characterised in terms of range and average fluctuation
. ( l 7 )in range i.e., range straggling. Experimental observations'
show that distributions may be very asymmetric, the degree 
of asymmetry being associated with the relative importance 
of nuclear collision processes.
A satisfactory treatment has not been
established for all conditions of interest to ion implantation
( 4 7)
studies, particularly when M < M , < 10-20M v }.p t p
( 50)
Lindhard' / gives straggling predictions 
again in terms of the reduced energy parameter 6 . For 
£< 3.0 and M < M , the predicted range straggling expressed a
P
( A Rp/Rp) . ( (Mp + Mt)/ 2 (Mp Wt)i) •
approaches a constant value of 0.35. Experimental
( 51) •measurement' ; of the range straggling of several ions m
A1o0q indicate that a value of 0.45 is more appropriate.
v
(52)Sanders' ' in 1968 showed that it was possibl 
to construct a distribution function of the projected range 
by modifying the inverse power law of Lindhard to include 
higher moments of the ion distribution.
These predictions ^ere found to agree very 
closely with experimental measurements of krypton
(53
distributions in Al^ ^ over the energy range 40 - 100 keV. v 
Since Sanders’ treatment neglects electronic energy losses
it is expected that light ions such as boron and phosphorus
will have a significantly lower value of the ratio A R p
Rp
than predicted.
2.2.5 Range of light ions Hydrogen and Helium
The LSS characteristic energies €r and 
(Table l) are both less than 1 keV for protons and helium 
ions, in gallium arsenide substrates, with the €3 values 
approximately 70 keV and 0.5 MeV respectively.
Whereas the LSS theoretical "range predictions 
are valid for these ions up to their respective values
no theoretical range forraulutions are as yet available for 
energies approximately equal to or greater than where
the stopping process becomes complex.
2.2.6 Ion channeling
So far ion ranges have only been considered 
for amorphous targets.
When the target is crystalline, it is
possible for ions to penetrate along the open spaces in
the crystal structure. This effect, which was first realised
(54 )
by Robinson and Oenx 7 using computer modelling techniques 
to calculate ion ranges in a simulated lattice, can result 
in anomolously high ion ranges.
When a crystal is orientated along a low 
index direction the array of atoms can be thought of as 
lying in rows or ’strings’ extending along that direction.
If an ion penetrates along the open spaces bounded by these 
rows, the likelihood of nuclear scattering by lattice atoms 
is less, compared with the amorphous case, and consequently 
the range will be longer. Moreover, due to the interaction 
between the screened Coulomb fields of ion and lattice atoms, 
ions incident within a critical angle Y  experience an 
increasing repulsion as they approach a lattice row which 
is strong enough to effectively ’steer’ them away. By a 
series of such redirections an ion can be guided or 
’channelled* down the open spaces of the crystal.
The trajectories of ions penetrating a
(47 )
crystal target can he classified into three types 7 
depending on their angle of incidence with the channeling 
direction and their point of entry into the channel.
These trajectories are shown in Fig. (2).
For ions incident within the critical angle 
Y, type B ions have a higher probability of being scattered 
out of the preferred direction or v’deehannelled* than type 
C, due to their larger component of transverse momentum 
along the channeling direction. When the angle of incidence 
is larger than the critical angle the ions do not experience 
any steering effect and are just as likely to collide with 
lattice atoms as in the case of an amorphous target.
The effect of the point of entry of an ion 
into a channel is shown in Fig. (3). Ions entering near 
an atomic row, type B, experience a greater repulsive force 
than those entering near the channel axis, type C. The 
former’-then oscillate more rapidly and again have a higher 
probability of becoming dechannelled than type C which are 
more likely to remain channelled throughout the slowing 
process.
Ions which approach very closely to the 
surface atoms, type A, are immediately scattered through 
large angles away from the channel direction.
In practice the channeling effect for heavy 
ions at keV energies is very sensitive to experimental 
conditions which may be difficult to control (see below) 
so that it is difficult to predict range profiles and in 
general precautions are taken to avoid the'effeet.
These difficulties do not apply to light 
ions such as protons and helium at MeV energies where the 
channeling effect is both reproducible and predictable.
The effect has been extensively used with Rutherford 
scattering techniques for lattice disorder and atom site 
location studies.
For well channelled ions nuclear stopping
becomes less important than electronic stopping and
penetration is deeper than in an amorphous target.
Experimentally determined distributions resulting from
implantations of heavy ions at keV energies in channeling
directions show peaks at the LSS range corresponding to
ion traj@etories type A, peaks at very much greater depths
corresponding to well channelled ions type C and yields at
intermediate depths due to ions which have been dechannelled
(I2.S)
b e f o r e  com. i ng to xest. Fig. 4.
It has been shown that the channeling of
heavy ions at keV energies can be very sensitive to
experimental conditions which may be difficult to control,
(55)for example, target temperature' , ion dose and target
(56) (55)alignment' / and surface disorder.' 7 Consequently
atomic distributions are difficult to predict and in general
precautions are taken to avoid the channeling effect.
(57)The work of Lindhard' ; shows that the 
critical angle Y fox' heavy ions at keV energies is 
approximately given by
. Z. e2/E d 
P( % )  (2 ZpZt e2/E & )2
where a = Thomas Fermi Screening distance
d = Atomic spacing along the lattice row 
E = energy of incident ion (keV)
Vr
The channeling angle for light ions, protons 
and helium at MeV energies is given by the relationship
f  = c< (2ZpZt e2/Ecl)’
where oC is a constant depending on the vibrational amplitude
of the lattice atoms and.is usually between 0.8 and 1.2,
Z, is the atomic number per unit length along a row or 
%
in the case of a compound lattice such as gallium arsenide 
with unequal spacing e.g. along the< 111> direction it is
the average atomic number.
2.3 ION IMPLANTATION DAMAGE AND ANNEALING
2.3.1 Disorder and the disorder process
To illustrate the discussion of implantation 
damage and annealing as part of the ion implantation process 
it is convenient to refer to the earlier work on silicon 
and germanium. Moreover, for the sake of completeness and 
to provide a comparison with the review of the gallium 
arsenide literature, given later, reference has been made 
to such topics as the role of defects in silicon and the 
electrical behaviour of implanted silicon and germanium.
In this way the concepts, which also apply to gallium 
arsenide, are introduced although the reported findings 
are, of course, relevant to silicon or germanium.
In a crystalline target, the collisions 
between ions and lattice atoms may be sufficiently violent 
to displace the latter from their lattice sites. These
displaced atoms may then, in turn, have sufficient energy 
to displace others, creating a cascade of collisions.
A minimum energy, the disp^cementenergy (E^), 
is required to overcome the lattice binding forces and 
displace a target atom so that a cascade will be terminated 
when the energy transferred in a collision falls below 
this value.
Around each primary ion track a disordered 
region is formed containing vacancies and interstitials. As 
the ion dose is increased the individual regions become more 
numerous and eventually overlap at a critical dose when the 
target becomes completely disordered.
The term ’amorphous’ is usually applied 
to such a completely disordered region when apparently 
there is no long range crystalline order as determined, 
for example, t>y an absence of spot reflections in an 
electron diffraction pattern.
Experimentally it has been found that in 
semiconductor materials such as silicon, germanium and 
gallium arsenide the disorder created at room temperature 
is stable. If, however, the material is heated above a 
critical temperature during implantation then the individual 
disorder regions created by each ion can anneal before the 
next ion appears, thus preventing the formation of an 
amorphous layer.
The damage produced by an ion beam depends 
on its ion mass and energy. Light ions such as protons
ccmusing
have only a small probability ofAa high energy recoil so 
that displaced atoms are sparsely spaced.
Heavy ions (e.g. As at 100 keV) are capable 
of producing high energy recoils which in turn can form 
cascades of collisions with the lattice atoms thereby 
creating dense regions of disorder and strain.
2.3.2 Quantitative formulations of disorder
In order to estimate the number of displaced 
atoms Kinchin and Pease^^ (1955) assumed an elastic 
collision of hard spheres model. By integrating the number 
of displacements produced at a given energy S.multiplied by
the probability of this energy they obtainecl:
N(E) = E for E £ 2E
2E,d
where E^ is the displacement energy which for silicon is 
approximately four times the bond energy i.e. a 14 eV.
Later considerations, particularly those
(15)of Brown 1 who used a simulated Bohr, potential, gave
V
results differing only slightly from the hard sphere 
model up to an energy of IkeV.
Lindhard considered both electronic and 
nuclear energy losses and derived elastic cross sections 
due to nuclear processes for both Power Law and Thomas Fermi
potentials. The electronic cross sections being taken as
jl (l@) 
proportional to E2.
At energies above MkeV, where M is the 
mass of the ion, Lindhard et al found that the elastic 
collision cross section, due to nuclear processes becomes 
very small and N(E) approaches a constant value, typically
(17)
a few thousand displacements. '
The main feature of the different theories, 
is that the number of displaced atoms is nearly proportional 
to the incident ion energy in the region where electronic 
energy losses can be neglected.
Experimental verification is difficult 
since even at low temperatures defects recombine or aggregate 
into clusters in which it is not easy to assess the total
number of point defects. The bulk of the experimental 
evidence indicates that permanent damage in silicon and 
germanium is less by an order of magnitude than predicted.
Rutherford backscatter channeling 
(l8 19)measurements ’ 'of the lattice disorder produced 
by 40 keV antimony and indium in silicon indicate that 
about 3,000 off lattice site atoms are produced for 
each incident ion. ^
Sigmund et a l ^ ^  have indicated that an 
upper limit for N(E) may be more like 0.42 E/E^.
Theoretical considerations of the spatial
(21)
distribution of displaced atoms have been made by Sigmund' ' 
(2 2 )and Pavlov; ' They postulated that the depth distribution 
depended oh ion energy and the relative mass of ion and 
target atoms.
(22)
Pavlov ' using a Bohr potential model 
for the ion trajectories and also including electronic 
stopping effects determined the defect distributions for 
boron and aluminium implanted in silicon. Their results 
suggest that the maximum of the defect distribution for 
both ions would occur at a lesser depth than the peak of 
the ion distribution, about 2ofo less.
( o t )
Sigmund and Saunders'" ' used a power law 
approximation of the Thomas Fermi potential but neglected 
electronic stopping. They found that for light ions, the 
peak of the defect and ion distributions occurred at almost
the same depth, but for very heavy ions the average depth 
of disorder was half that of the ion range. The essential 
difference between the two cases is related to the average 
scattering angle of the primary ions. The angle is large 
in the case of light ions so that both defect and range 
distributions are comparable in shape. For the heavy ions 
the incident ion track is relatively straight, and the 
damage distribution extends over the entire ion range 
following the variation of nuclear stopping with depth.
Vook^ 23) has shown that the critical dose 
to form continuous amorphous layers in silicon depends on 
the kinetic energy deposited into the lattice for a given 
target temperature. By correlating the experimental 
results of several workers and expressing the critical dose 
as energy deposited into atomic processes per unit volume a 
relationship as a function of implant temperature was found 
to be independent of ion mass up to 125°K. At higher 
temperatures a light ion such as boron requires much more 
energy deposited (i.e. higher dose) compared with a heavy 
ion such as antimony. Above room temperature Vook concluded 
that there is an ion mass dependence not accounted for simply 
by energy into atomic processes, possibly indicating that 
the nature of disorder formed in silicon by light and heavy 
ion implantations is different.
2.3.3 Annealing of lattice disorder
Much higher temperatures are needed to anneal 
continuous amorphous layers compared with substrates with
isolated disorder regions caused by ion dos^s below the 
critical level. In silicon and germanium temperatures 
of 570° and 390°C are required to anneal amorphous layers 
and 260° and 180° respectively to anneal isolated disorder
The reordering of amorphous layers has been 
observed by Nelson and Mazey^~^ using an electron 
microscope. They found that where an amorphous layer was 
in contact with undamaged substrate material, crystalline 
regrowth occurred epitaxially from the substrate at a 
temperature of approximately 600°C. A polyerystalline 
state however was formed when the layer was not in contact 
with undamaged material.
They also found that the - epitaxially regrown 
material was not perfectly crystalline but contained both 
line and loop dislocations. Annealing to much higher 
temperatures (800°) produced an increase in the number 
and size of the loops. Similar observations by the same 
authors of silicon implanted between 200 - 500°C showed 
that although the formation of amorphous material was 
avoided dense arrays of dislocations were present.
The role of defects and defect migration 
during annealing has been extensively studied in silicon. 
Several types of defects have been identified or deduced 
from experimental observations including four different 
charge states associated with isolated vacancies and vacancy 
complexes such as vacancy - oxygen and vacancy -phosphorus 
pairs.
(25 )Watkins has, for example, shown that
below 170°K neutral vacancies predominate in p-type silicon 
and below 770°K doubly negatively charged vacancies 
predominate in n - type silicon. Above these temperature 
both vacancies are annihilated. Vacancy — ©xygen and 
vacancy - phosphorus pairs are stable to much higher 
temperatures of 300° and 150°C respectively.
The electrical conductivity of dopant implants
in silicon and germanium has been correlated to structural
changes as reordering takes place. In high dose implants
where an amorphous layer was formed, large increases in
carrier concentration have been measured with reordering 
at 600°C  ^ *n mos^ cases maximum electrical
activity was observed immediately after reordering.
Correlations of electrical activity with
reordering and substitutional site occupation have also
- (26) 
been made.' '
For example, high electrical activities of ■ ~
the order of 100% have been reported for phosphorus and 
antimony implanted into silicon and annealed to 600°dwhen 
the fraction of the implanted dose (lO14 - lO1^ cm"”^) 
occupying substitutional lattice sites was also found to 
be high at 9 0 % . V
Lower dose implants have been reported to
have an anneal stage at 300 - 350°C attributed to reordering of the
(31 32 299)
isolated disorder around the implanted ion tracks. ’ 9
(33)Carrier mobility measurements' 1 indicate 
that most of the defect clusters have disappeared after 
annealing at 500°C but the compensating effect of defects 
and deep levels are still present reducing the number of 
free carriers.
In nearly all cases where an amorphous layer 
is not formed, anneal temperatures of at least 700 - 750°C 
are required to achieve maximum electrical ac tivity. Site 
location measurements have shown that this cannot be 
attributed solely to implant atoms failing to occupy 
substitutional lattice positions since for example, 90%
14 _o
of an implanted dose of 5.10 cm antimony was found to 
occupy substitutional lattice positions after annealing 
at 3500C.(34H 26)
3. RUTHERFORD BACKSCATTEEING
3.1 Theoretical considerations
When an energetic light ion approaches a
relatively heavy nucleus it i s repalsed o r scattered by
coulomb forces and follows a hyperbolic trajectory with
* (58)
the nucleus at the focus. .If the nucleus is
considered to remain at rest the probability that the
ion is scattered through an anglev^  was derived by 
(59 )
Rutherford' y as:-
9(<f> ) = (ZpZte2/Mpv2) 2/(sin4^ / z )
where Z and M are atomic number and mass and the subscripts 
t and p denote target nucleus and projectile ion respectively, 
v is the velocity of the ion at a large distance from the 
nucleus.
When considering scattering of heavier ions
from middle mass elements (gallium or arsenic), 
motion of the target nucleus resulting from the collision 
becomes appreciable.
The motion of two particles moving under 
their mutual interaction can be expressed in terms of the 
free motion of the centre of gravity of the combined 
system and the relative motion of the two particles which 
is controlled by their mutual interaction. The motion of 
the system itself can be reduced to the free motion of the 
total mass of the system, concentrated at the centre of 
mass, and the relative motion, which is equivalent to 
that of a particle of 'reduced* mass.
in c . e n t f e  o-f mccss s ^ s le m
Such an approach leads to a description of 
t h e process in the ’Centre of Mass’ reference frame and 
must be converted to a ’Laboratory Frame' to relate the 
process to practical observations.
The above relationship defining scattering 
probability, allowing for nucleus recoil and expressed in 
centre of mass co-ordinates, becomes:-
P(8) = 1-3.10-27
where 0  is the scattering angle in centre of mass co-ordinates 
and E is the energy in MeV of the incident particle.
This relationship was in fact, derived to 
predict the scattering of alpha particles by heavy nuclei 
and agreement between the formula and experimental results 
is extremely accurate, discrep ncies have only been found 
in the case of almost central collisions (deviations of 
almost 180°) where the alpha particle approaches the 
nucleus very closely.
Later in the discussion the dependence of 
back scatter yield on scattering angle, mass and energy 
of the incident particle, as related by the last result, 
will be reviewed when considering the optimum experimental 
conditions. It will be useful at this point however, to 
show how the Rutherford scattering energy spectra arises, 
the derivation of a depth scale and the effect of detector 
resolution.
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3•2 The Rutherford Scattering Energy Spectrum
The essential features of a Rutherford 
scattering energy spectrum for the case of a monatomic 
amorphous target with heavy mass atoms embedded in a thin 
layer in the surface region are shown in Fig.(5). The 
spectrum consists of a sharp edge, corresponding to elastic 
scattering from target atoms in the surface of the sample, 
followed by a smooth slowly changing yield at lower energies 
corresponding to scattering at progressively larger depths* 
Scattering from the heavy mass atoms involves a smaller 
elastic energy loss compared to the target so that the 
edge of this spectrum occurs at a higher energy and since 
these atoms are confined to a thin layer this signal consist 
of a sharp peak. The detected energy of an incident particl 
back scattered from a depth (x) as shown in Fig.(6) is:-
Jx/cos 0  2
with a laboratory scattering angl§. 0; S(E)t, S(E)2 are 
the stopping powers along the incident and outgoing paths, 
1^ and 12,
and kg = (M^cos + (M^-M^sin^ 9S) S/ ( U  + is the
fractional energy loss i.e., the ratio of the energy of the 
incident particle before and after scattering.
When the stopping powers S(E)^ and
are known then the energy abscissa may be converted to
an equivalent depth scale. Values for S(E)2, the stopping
power in a non-aligned direction at the incident energy
less the fractional energy loss, are readily obtained
/ 0 0  \
from published experimental work' ' and agree well 
with predicted values but little data exists for aligned 
stopping powers S(E)^.
However most energy is lost along the non- 
aligned outward path for a scattering angle of approximately 
150°. Taking a value for SCE)^ given by:-
S (E ) j ■ =~=ctS ( E) 3 
o< = 1/2 for <110> and 2/3 for both <111> and <100^
where S(E)g is the stopping power in a non-aligned direction,
at the incident beam energy, is expected to lead to a depth
. (47)
scale with an uncertainty of approximately 10%.' ■
The energy scale can also be converted to 
an atomic mass scale by using the fractional energy loss 
relation above and predicting the energy of backscattered 
particles for any element which is supposed to lie in a 
thin layer at the surface.
Resolutions of a practical baekscattering 
system are largely determined by the particle detector, 
usually a reverse biased surface barrier diode in which 
random noise fluctuations leads to uncertainty in the output
pulse amplitude. Defined in terms of the pulse width 
at half the amplitude (full width half maximum) of an 
ideal mono-energetic pulse, such a resolution is usually 
of the order of 12 - 15 keV which again can be expressed 
in terms of a depth resolution.
3.3 Optimisation of experimental conditions
Having described tl^ e main features of the 
backscattering technique consideration is now given to 
the optimisation of the experimental variables.
Three variables have the most pronounced 
effect, these are: analysing particle mass, particle 
energy and backseatter angle which is determined by the 
position of the detector relative to the analysing beam.
Considering the choice of analysing particle 
mass, the mass separation (atomic mass scale resolution) 
depends on the fractional energy loss and with a detector 
of 15 keV energy resolution, an energy separation of at 
least 100 keV is desirable between the edge of the target 
spectrum and the implanted ion peak. With an helium analysing 
beam and a gallium arsenide target, even the heaviest elements 
have only 50 keV separation for analysing beam energies of 
1*5 MeV. To obtain the desired 100 keV criterion a beam 
energy of 3 MeV would be required to resolve a bismuth 
peak (Atomic mass 208).
However, with helium at l*5MeV, atomic 
masses greater or equal to 110 have separations greater 
than 100 keV, e.g. cadmium at 94 keV, tellurium at 115 keV 
and bismuth 180 keV. Nitrogen of mass 14 would resolve 
implanted ions with atomic mass down to 88 for a 1*5 MeV 
beam energy giving a separation from the edge of 250 keV 
for cadmium and tellurium.
The enhanced mass ^ resolution resulting from 
high beam energies e.g. helium at 1*5 and 3*0 MeV, is offset 
by a poorer depth resolution since at these energies the 
stopping power decreases i^th jncreasinj; energy.
The depth resolution is itself dependent on 
the atomic mass of the analysing particle since the stopping 
power is greater for higher masses. A 1.5'MeV proton beam 
with a 15 lceV detector gives a depth resolution of 
approximately 2,000ft whereas the same system with helium 
particles will have a much better resolution of 250ft.
The sensitivity for detecting implanted atoms 
is increased for higher atomic mass analysing particles 
since the Rutherford scattering cross-section indicates a 
(Zp) dependence of the backscattered yield.
Radiation damage effects in the target itself 
due to the analysing beam will however, be more pronounced 
for heavier analysing particles. It has been found in this 
work that with a 1*5 MeV helium beam of linm cross-section, 
a total charge collection of 10/<.coulombs is an upper limit 
before beam damage effects in a gallium arsenide target
occur, whereas beam collections of 6yU. coulombs were usually 
sufficient with respect to detection sensitivity.
The choice of baekscatter angle is determined 
by fractional energy loss (and therefore mass separation 
of implanted ion peaks) and baekscatter yield considerations. 
The dependence of fractional energy loss is shown in Fig.(7) 
for various combinations of analysing beam particle mass and 
target mass. However, the baekscatter yield is also
dependent on scatter angle and in fact the Rutherford cross- 
section is strongly forward peaking. To improve counting 
statistics (i.e. yield detected per incident beam dose) 
and to avoid spurious channeling effects, the solid angle 
that the detector subtends should be as large as possible 
and hence it is desirable to work on the linear portion of 
the curve Fig.(8) such that small changes in ( 6  ) the 
scattering 3ngle will not give rise to significant fractional 
energy loss changes. A scattering angle of 150° has been 
found to be a good compromise for these considerations.
Double alignment techniques have been devised^1 
where the incident and emerging beam paths are both along 
erystallographic channeling directions. Reductions in 
background signal, particularly useful in lattice disorder 
observations^give an order improvement in sensitivity. The 
technique is, however, experimentally cumbersome, both beam 
and detector must be accurately aligned, with respect to 
the target and precautions must be taken to avoid radiation 
damage effects due to the increased setting-up time.
The alignment problems referred to above 
have been overcome by using a detector eo~axial with the 
analysing beam. This technique requires special detectors 
and since the backscattering angle is now very large, high 
beam currents and lengthy exposures are necessary for 
good yield statistics.
3.4 The channeling effect
V.
When an energetic ion enters a crystal within
a critical angle ( ^ 1.) of a major crystallographic axis,
2
each time it approaches one of the aligned rows of lattice 
atoms, the gradually increasing repulsion between the 
screened coulomb fields of the projectile and the lattice 
row is sufficient to steer it away again, thereby preventing 
a nuclear collision from occurring.
Although the channeling behaviour of a low 
energy projectile (10 ~ 100 keV) cannot be accurately 
predicted, depending strongly on implantation conditions 
as previously discussed, that of high energy (MeV.) light 
ions is both predictable and reproducible.
A channelled ion is prevented from approaching 
closer to an atomic row by a distance comparable to the 
mean vibrational amplitude of the lattice atoms. For gallium 
arsenide at room temperature this mean vibrational amplitude 
is approximately the Thomas-Fermi screening distance (a) 
defined as
a = 0.8853a /(Z  ^ + Z .* 'Y * 'o' ' p t '
with a = The Bohr radiuso
Z. = Atomic number, with subscripts p,t 
referring to projectile and target.
The critical angle ( Y  x ) ^or channeling is given by the
2
relation:-
Y, = d (2ZDZte2/EdP'
z vr
with E = Energy of the projectile ion
d = Atomic spacing along the lattice row and 
is a proportionality constant depending 
weakly on the mean vibrational amplitude 
and hence temperature.
Typical values for ) are between 0.8 - 1.0 and (V'i ) is
2
approximately one degree.
For binary compounds, and along rows with
unequal spacing, an average potential is assumed i.e. an 
average atomic number and average separation distance.
A perfectly aligned beam may contain particles 
which enter the crystal at angles greater than the critical 
angle due to poor eollimation (high transverse momentum).
With such a beam only a fraction will be channelled, the 
rest will not be strongly influenced by the steering effect 
but will see only a random distribution of atoms. Secondly, 
even when a perfectly collimated beam enters a perfect 
crystal, a proportion of the beam will be scattered into
random directions in the crystal by near collisions with 
atoms at the surface end of the rows.
Scattering into random directions due to 
poor collimation is ignored in the following discussion 
but it is important in apparatus design and in the 
interpretation of results.
The backseattered yield of incident ions
thus depends on the angle of incidence for a crystalline
target. With the angle of incidence greater than (V'i )
2
no channeling occurs and the incident particles can
undergo close impact collisions with the lattice atoms
which are apparently randomly distributed. The hack
scattered signal detected under such conditions is referred
to as the 'random', or 'non aligned1 yield. When a target
is rotated relative to the analysing beam, as the angle of
incidence approaches ( Y x )  some of the beam becomes channelled.
2
This channelled portion is prevented from close impact 
collisions (and therefore wide angle backseattering) 
resulting in a diminishing of the backseattered signal.
A continuing reduction in backseattered yield is observed 
as the incident beam is more nearly aligned with a crystal 
direction until a minimum value is reached (X min) corresponding 
to the condition described above when collisions only occur 
at row ends.
% min can thus be defined as the ratio of 
the yield in a perfectly aligned direction to that in a 
random direction, usually expressed as a percentage*
These parameters are illustrated in Pig.(9).
As seen from the figure, the energy and depth 
over which this estimate is made should be defined.
An estimate of (X • ) can be made from:-
<y . = 7C NdxX  min ^
m m
n
min
Where (N) is the number of atoms per unit volume and 
(r min) ^  the closest distance of approach between a 
channelled ion and an aligned row, and for gallium arsenide 
this can again be approximated to the mean vibrational 
amplitude.
Calculated values of ( y j  and (Y - )
2 mint
u s i n g  mean vibrational amplitude data have been compared
(63)
with experimentally measured values.' In the <111>
for example, a measured value of 4$ compares with a
predicted value of 1$. However, measured ( Y x )  angles2
are only very slightly less than expected.
3.5 Applications for Channeling Effect
3.5.1 Lattice disorder
The quality of samples prepared for implantation
may be readily assessed by a (X measurement. Unless
this value is within a few percent of known standards then
crystal perfection, particularly in the surface region, is
suspect* Excessive lattice disorder produced by surface
polishing, surface contamination or poor beam alignment
will all contribute to high (X values.win
As previously described, the baekscatter 
yield falls to a minimum with beam alignment along a major 
crystallographic direction, when about 95% of the incident 
beam is channelled through the crystal, prevented from 
close encounter collisions. It is then convenient to 
refer to a * channelled ’ and ’random1 fraction of an aligned 
beam. ’Dechanneling’ occurs when ions in the channelled 
fraction escape from the steering influence either by a 
close encounter collision or because their initial transverse 
momentum was such 'as to allow them to finally overcome the 
steering forces.
The channelled portion of the beam is, 
however, free to interact with atoms located within the 
lattice channels and so give rise to a back scattered 
signal. Several possibilities for atoms occupying such a 
position arise.
A disrupted lattice with broken lattice 
bonds resulting, perhaps, from implantation may have atoms 
displaced more than the Thomas Fermi screening distance 
(approximately 0.2&) from regular lattice sites, or 
portions of an otherwise perfect crystal may be strained 
to such an extent that the channel steering effect breaks 
down and the beam effectively detects off lattice site 
atoms or again an otherwise perfect binary crystal may 
contain excess of one component which then occupies an 
inter-lattice position. All of these conditions will give 
rise to an enhanced baekscatter lattice yield at the 
corresponding depth.
When applied to lattice disorder assessment, 
resulting from implantation, no easy distinction can be 
made between backscattering due to off lattice site atoms 
or strain effects and it is usual practise to refer to 
these collectively as ’scattering centres’.
An example of a Rutherford scattering energy 
spectrum for an implanted sample with lattice disorder is 
shown in Fig.(lO). An increase in the aligned yield is 
seen in the energy interval corresponding to the depth 
of the implanted region. The integrated yield of the 
shaded area is then proportional to the amount of disorder.
Although atoms below the disordered region 
are on lattice sites, yields higher than expected from a 
perfect lattice are observed. This is due to an increase 
in dechanneling as the beam passes through the disordered 
layer. Atoms located off normal lattice site positions 
increase the measured backseattered yield in the aligned 
beam compared to that in a perfect crystal by tv io mechanisms. 
Either channelled and random components of the aligned 
beams can be backseattered directly from the displaced 
atoms or the displaced atoms can deflect incident ions 
from the channelled component into the random component, 
i.e. dechanneling. These random fraction ions may then 
interact with all deeper atoms and so contribute normally 
to the backseattered yield producing the higher yields behind 
the disorder peak.
The baekscatter yield (Y ) due to (N )s s
( 62)
scattering centres is given by: —
Yg(t) = Yn(t).(Ns(t) + X s(t).(N - Ng(t))/N 
with Y (t) = yield in a non-aligned direction at depth (t),
_3
N = number of crystal atoms, cm ,
= random fraction of the beam at depth (t).s
The random fraction {% , ) of the beam at a
S
depth (t) is given by:~
X Q(t) = t - (l - X (t)).exp(- X  (t))b
r <*)
v/0
with P(t)Ng(t)dt equal to the probability of a
particle in the aligned beam being scattered 
into the random beam by the atoms N (t), 
and X ft) the random fraction of the beam
at depth (t) if all atoms are on lattice 
si xe 5.»
The probability P(t) has been derived for 
two limiting cases, first when ^channeling arises from 
single deflections greater than the critical channeling 
angle and secondly when dechanneling is due to multiple 
scattering with a total deflection resulting from many 
collisions each of which is less than the critical angle.
The total again exceeding the critical angle.
Attempts have been made to correct 
baekseattering data to allow for dechanneling effects 
for both silicon^^ and gallium arsenide^ ^  using 
iterative computer programmes. Although these studies 
have been in part successful the technique has not been 
generally adopted. The computations require an accurate 
knowledge of stopping powers and other data which are not 
easily determined.
The total amount of disorder can thus be 
determined from the lattice peak area of an aligned spectrum 
When this peak area is large relative to the dechanneli^g 
yield, simple graphical correction methods are usually used 
giving comparative results with a systematic error.
3.5.2 Atom site location
Another important application of the channeling
effect is for the determination of the lattice location
of implanted ions. By comparing baekscatter yields in an
aligned with a non-aligned crystal direction the proport ion
of atoms sited along those rows can be deduced. Depth
distributions can also be measured and by measuring baekscatter
yields about the critical angle (Vi), precise estimations
2
can be made of the ions’ positions relative to lattice sites 
to an accuracy of about 0.1$.,
The fractional percentage of implanted ions, 
located in rows along a particular crystal direction, is 
given by
(N1 - NON' - 100 ' n a' n
where (Nf) and (N’) are baekscatter yields from the v a' n
implanted ions in aligned and non-aligned directions 
corrected for the fact that not all the incident beam 
is channelled. For gallium arsenide such corrections 
amount to about 5%.
Measurement of yields along the three 
major erystallographie directions allows a distinction 
of site occupation to be made between substitutional or 
tetrahedral interstitial positions from irregular interstitial 
sites. These ’irregular’ sites include positions at} 
dislocations, grain boundries, strained lattice regions 
or even at the surface of the sample.
Reference to Fig.(ll) shows the directional 
dependence of baekseattering yield from these three 
pos itions.
From a consideration of lattice symmetry, 
the actual number of the atoms occupying lattice sties 
can be deduced from the observed quantities along a 
particular direction. For example, there are six <110> 
type directions in the gallium arsenide lattice and they 
intersect only at substitutional sites so no more than 
one fifth of the non substitutional fraction can be located 
in a non substitutional position along any set of <110> 
rows. Therefore, at least the observed fraction, less 
one fifth of the non substitutional fraction, must be 
located on <110> substitutional positions.
A typical angular scan of baekscatter yield
is shown in Fig.(12). In this case a silicon sample has
(fir)been implanted with antimony and gold. oD/ The substitutional 
and interstitial behaviour respectively of these atoms can 
be clearly seen.
Fig.(l3) shows angular scans about the <ill> 
for two samples of tellurium implanted into gallium arsenide 
at room temperature then annealed.,to 550°C and secondly 
implanted at 550°C with no annealing.
In the second case, the width of the tellurium
dip at the half yield point is equal to the width of the
gallium arsenide lattice since the tellurium is exactly
on substitutional sites. In the first case, however, the
widths are appreciably different. From such differences,
an effective displacement of the tellurium atoms from the
(
<111> lattice rows can be calculated'007 which in this 
example is 0.49a .
4. REVIEW OF ION IMPLANTATION IN GALLIUM ARSENIDE
4.1 Review of work published before 1970
4.1.1 Introduction
By 1969 — 70 several studies had already 
shown that doping gallium arsenide by ion implantation 
was feasible. Several dopants had exhibited the expected 
electrical behaviour compared with conventional diffusion 
doping.
Generally, annealing to 600 - 700°C was 
shown to be necessary to achieve electrical activity and 
silicon dioxide was widely used as an eneapsulant to 
prevent dissociation of the gallium arsenide.
It was found that p-type doping was more 
easily achieved than n-type where there was a greater 
variation in results and poor reproducibility. This 
difference in type doping has been attributed to the use 
of silicon dioxide encapsulation which has been shown to 
be a poor barrier to prevent the out diffusion of 
gall ium. ) rp^ e formation of gallium vacancies
formed by the loss of gallium could facilitate the location 
of acceptors on substitutional sites but react with donors 
forming gallium vacancy - donor complexes which then act 
as compensating acceptors. Vapour control methods^9) 
had not been successfully exploited due to a lack of 
vapour pressure data relevant to implantation damaged 
gallium arsenide.
Elevated temperature implants were yielding 
higher doping levels but no clear advantages compared with 
room temperature implantation had been established. Due
to a lack of knowledge of the minimum temperatures required
\ . . 
to avoid the formation of amorphous layers, most hot
implants were performed at high temperatures 400 - 500°C
necessitating encapsulation during implantation.
(70 ) (71 )
The work of Aukerman , Grrmshaw'
( 7 9 ) (7 ‘-5 ^
Stein' "'and Thomen' • in this respect has been reviewed
. yp • (74 )by Eisen.
Three distinct anneal stages have been 
o b s e r v e d ^ f o r  electron irradiated gallium arsenide, at 22 
270 - 300°K, and at 5O0°K. A fourth stage at 800 - 900°K
has also been observed for neutron irradiated gallium
(70) (72)arsenide* Electrical measurements by Stein' '
confirms these anneal stages without resolving the first
two *
(73)Thoraen- 7 has suggested that, recovery at 
the first two stages is due to the annihilation of close
A
pairs. Aukerman^^ has proposed that the third stage
i T 5 )is also due to close pairs but Vookv 7 from a consideration
of thermal conductivity data suggests that at about 325°K
clustering of defects is taking place rather than defect
annihilation.
a '
Eisen points out that these anneal recovery 
stages may be explained in torms of interstitial -vacancy 
pairs without evoking any interaction of intrinsic defects 
with impurities in the sample. However, since defect 
impurity interactions have been shown to be important in 
the case of silicon annealing their importance should not 
be neglected in the case of gallium arsenide. Such 
interactions are more easily identified in silicon than 
gallium arsenide by electron paramagnetic resonance 
measurements^because of the paired spins of the Group III 
and V elements.
4.1.2 Chemical doping effects
The electrical activity of several dopants
had been investigated by 1969 - 70 (Si, S, C 
(Se<82>), (Cd, Zn, s(T8)(79)(80)(8i))• Implantations had 
been made into n, p and semi insulating GaAs at both room 
temperature and z 50Q°C. Silicon dioxide encapsulation 
was used for both hot implantations and for post implant 
annealing, \  ■
Annealing to 600 - 700°C was generally found 
to be necessary before the expected dopant activity was 
observed although p-type activity of Zinc^7® ^ (79) (8o)
was measured at » 300°C. The expected n-type behaviour 
was found for sulphur and selenium and p-type behaviour 
for cadmium and zinc. The amphoterics silicon and carbon 
exhibited n-type and p-type behaviour respectively.
The fraction of the implanted dose which 
became electrically active (i.e. doping efficiency) 
was related to the dose level itself with lower doses 
showing the highest activity. Typical values were 50$ for 
3.1012cnT2(Se), 2 - 11 % for 1.5.1013cbT2 (Si, C , S ) and 
1 - 2% for 1014 -1015enf2 (Zn, Se).
The highest carrier concentrations achieved
1 5 —2 (82)were for doses of z 10 cm of both selenium' 'and
cadmium^ 7^  implanted into hot substrates and annealed to
800 - 900°C where sheet carrier concentration measurements
19 —3indicated volume concentrations approaching 10 cm. 
comparable with conventional diffusion doping limits.
Higher implant doses did not produce significantly 
higher concentrations indicating that conventional 
solid solubility limits may be a limiting factor.
Measured carrier concentration depth profiles
of sulphur implants were found to extend to greater depths
than predicted by LSS theory. This was attributed to an
enhanced diffusion effect as the gallium arsenide reordered
during the post implantation annealing treatment. A maximum
1T ”3carrier concentration (2.10 cm ) was observed again almost 
independent of ion dose.
Elevated temperature implants gave higher
levels of carrier concentration and mobilities in the case
of selenium and also for sulphur^^ implanted at 400°C
although in the latter case lower doping efficiencies were
reported, i% compared to 6% following room temperature
14 -2implantation of 10 cm sulphur.
4*1*3 Damage effects
Modification of the electrical conductivity 
of gallium arsenide due to damage effects rather than 
chemical doping had been reported.
An effect which was observed after annealing 
of room temperature implants and not therefore simply a 
damage phenomena was reported by H u n s p e r g e r l T h e y  
found that a p-i-n structure was formed following implantation 
of zinc into n~type gallium arsenide with the width of 
the i region exceeding the theoretical range of the ions.
This effect was attributed to the formation of arsenic 
vacancies during implantation, diffusing and forming complex 
stable compensating centers. The extent of the i-layer 
was reduced when silicon dioxide encapsulation was used 
during implantation. Similar observations were reported 
for cadmium and sulphur implantations.^^)
Damage effects as a result of implantation 
only had also been reported. (-84) (85 M  8q) Proton
14 _2
doses of 10 cm at 100 keV were found to reduce the free 
carrier concentration of n-type gallium arsenide from 
2.10*® to less than I0**cm~^. Carriers were trapped through 
most of the proton range, which was shown to be about one 
micron for 100 keV protons, by the creation of shallow 
donor levels at the end of the range in both n and p type 
material. This effect was reported to be stable up to 
700°C.
Towards the end of this period Mazey and
Nelson^*^ published their electron microscope observations
of neon bombarded gallium arsenide. They showed that for
1 4 - 2doses greater than 10 cm the implanted regions became 
amorphous as indicated by a well defined ring structure 
in the diffraction patterns. They concluded that the 
individual disorder regions which surround each ion track 
overlapped at this does level. These amorphous regions were 
seen to recrystallize with annealing temperatures between 
270 - 300°C into either single crystal or a polycrystalline 
state. Single crystal formation only occurred where the
amorphous material was lying over undamaged substrate, 
then the regrowth appeared to occur epitaxially.
Even after annealing to 400°C the epitaxially 
regrown material was not as perfect as unborabarded gallium 
arsenide with evidence for imperfections such as dislocation 
loops and possibly micro twinning.
■i fi o
Examination of high dose implants (3.10 cm*” ) 
into substrates held at temperatures between 35° and 200°C 
showed no evidence of amorphous material, indicating that 
the formation of amorphous damage may be avoided for a 
wide range of ions and doses with only small elevations of 
substrate temperature.
Again, however, examination revealed that 
the bombarded material was not perfect with evidence of 
a dense network of dislocations and dislocation loops*
4.. i * 4 Concl ugions .
The low electrical activities and mobilities 
that were being achieved especially for high implant doses 
could not entirely be attributed to poor encapsulation.
There was a lack of knowledge of anomolous diffusion and 
out diffusion of the dopant during annealing. Also little 
data existed for the damage that remained after hot implantation 
or annealing.
Little knowledge existed of the type of
defects formed by ion implantation, their electrical
compensation effect, how they may be arfihilated by annealing
\
or the extent to which they may diffuse during annealing.
The observation that no amorphous material 
could be detected in neon bombarded substrates held between 
35 - 200°C during implantation indicated that hot implantation 
temperatures could be much lower, possibly avoiding the need 
for encapsulation during implantation.
There was as yet no site location data to 
indicate whether the objective of electrical doping, by
Vr
substitution within the lattice, had been achieved.
4.2 Review, post 1,970 (i) electrical activity
4.2.1 Introducti on
Towards the end of 1970 ion implantation 
was being extensively used to dope gallium arsenide and 
electrical activity was being achieved for both donors 
and acceptors. However a marked difference between the 
two was apparent.
P-type activity was easily achieved with 
a high fraction (k 100%) of the implanted dose becoming 
active (e.g. Zinc, cadmium, magnesium^88H ® 7)) and levels 
close to the solid solubility limit were reported.
(Cadmium^89^, zinc^^ ).
Donor doping however, was much more difficult 
to achieve. Low doping efficiencies were being reported 
which also depended on the implanted dose and dopant impurity .
4.2.2 Encapsulation
Silicon dioxide was commonly used as an 
encapsulant before 1970 but about this time Gyulai^l^ 
reported that at anneal temperatures of 600°C a significant 
out diffusion of gallium could be detected.
The use of silicon dioxide as an encapsulation 
forms part of the investigation of this work and the 
conclusions drawn are discussed later.
Several groups were investigating silicon 
nitride as an encapsulation but there were differing reports. 
E i s e n ^ ^ ,  for example, using Rutherford baekseattering, 
reported that there was apparently no change in the depth 
profiles and therefore no appreciable out diffusion 
of tellurium implants annealed with silicon nitride 
encapsulation even up to a temperature of 900°C. However, 
other groups reported poor reproducibility with silicon 
nitride. The likely explanations for those differing reports 
are: the variety of methods used by different workers to 
deposit the nitride, poor thermal expansion match with 
gallium arsenide leading to blistering and cracking and 
a dependence on the type of gallium arsenide used as the 
substrate. Such a dependence on material had earlier been 
reported for silicon dioxide encapsulated sulphur implants
(A7 )in semi-insulating GaAs.
Later it was shown that silicon nitride can 
be successfully used to give reproducible results up to 
anneal temperatures of 7 5 0 ° C . ^ ^ ^ ^
Others workers, prompted by the reported 
difficulties of reproducibly growing silicon nitride films 
and the need for elaborate apparatus, investigated simpler 
alternative encapsulants. In particular native oxides^95^
/ 9§ \
and evaporated aluminium films5- / both of fMoh have been 
reported to be'successful although the native oxides suffer 
from the disadvantage of consuming the gallium arsenide 
surface to depths comparable with the range of the implanted
* V.
impurities and aluminium is only suitable for annealing 
up to 2 700°C.
Low doping efficiencies (£ i%) were still
1 5 —2being achieved for high dose implantations (~ 1.10 cm”* ) 
and several workers investigated encapsulations which would
allow much higher temperature annealing (2 900°C). In
(97 ) (93 \
particular anodic oxides ' and aluminium nitride. '
Again, both of these have been reported to be successful
encapsulants. (see 4.2.5) Aluminium nitride was expected
to be superior to silicon nitride since its expansion
coefficient closely matches the gallium arsenide value
and any oxygen incorporated in the film would be in the
form of Ai20g rather than SiOp as in the case of SigN^.
( 99)
Chux had previously shown that AlgOg was a &00(* barrier 
to gallium and arsenic diffusion.
4.2.3 Electrical activity
Silicon nitride encapsulation was successfully 
(02 )
used by Shannon et al to anneal room temperature and
hot ( s 200°C) implants of sulphur, silicon, selenium and 
tin at 700°C. They achieved high electrical activities
similar dependence of doping efficiency on dose as found
1 5 — 2earlier e.g. 1% for 10 cm dose.
Generally, maximum sheet carrier concentrations
1 3 —2of 10 cm could he achieved with mobilities of about 
2 —2 —  **2,000 cm V~ sec""1. The highest peak carrier concentration
15cm“2was measured was for a tin implant at 2.5.10 %vith a
fS —3free carrier concentration of 10 cm . Saturation effects
were observed with, for example, selenium doses in the
13 15 —2range 10 — 10 em~ where a maximum free carrier
17 —3concentration of 3.10 cm was achieved.
The peaks of the carrier distributions were 
found to be close to the LSS predicted range for the light 
ions silicon and sulphur, even for high doses, when 
implanted at room temperature. Peaks at a much greater 
depth and including a . ■*tailf in the distribution were 
measured for sulphur implanted at 300°C. The position 
of the peak was independent of implant temperature in the 
case of silicon.
The heavy ions selenium and tin showed a
dose dependence of peak position. This coincided with the
1 3 —2LSS predicted range for 10 cm doses but was considerably 
deeper for larger doses.
Evidence for compensating defects such as 
gallium vacancy - silicon complexes was found by examination 
of similar samples using eathodoluminescenee methods.
Similar levels of activity, dose dependence 
of activity and dose dependence of the peak in the free 
carrier distribution were found by Sealy al for
tellurium and selenium implants using evaporated aluminium 
as an encapsulant. Aluminium which has the major advantage 
of ease of application was found to lead to very reproducible 
doping.
Both of these studies confirmed the results 
of earlier workers using silicon dioxide encapsulation that 
hot implantation yields higher doping activities compared 
to room temperature implantations.
4.2.4 Dual ion implantation
( 10"! VAmbridge and Heekingbottom ' 'have suggested 
that doping a compound semiconductor with an impurity which 
preferentially occupies one type of lattice site by
ii
■implantation could result in producing non~stoieiometric 
material which could then have a compensating effect on 
the electrical activity. They recommend, for example, in 
the case of a tellurium implant which is expected to occupy 
an arsenic site in the lattice, that an equal dose of
k
gallium should also be implanted to preserve stoiciometry.
Several groups have investigated such dual
implantations (lOS? an(j in particular the University of
Surrey group. This group found that at a dose level of
1 3 —210 cm , selenium implants showed on average a doubling 
of■activity. from 40 to 80%, following a 700°C anneal with
14 _2aluminium encapsulation. At the 2.10 cm dose level
the activity was raised on average from 5.1$ to 6?6$. The 
increased activity resulting from dual implantation appeared 
in all cases to correspond with an increase in electron 
concentration about the LSS range, i.e. enhancement occurred 
at a depth where the gallium concentration was a maximum.
Single implant controls showed th© normal dose dependence 
of peak position.
4.2.5 Higher Temperature Annealing « 900°C
The possibility of increasing doping efficiencies 
of high dose implants by annealing to approximately 900°C
has been investigated. Silicon nitride was used as an
i , . ' , ,. (94) (f.04) (78) (l©5) but thereencapsulant m  several studies / uw/
were no reports of any degradation of the gallium arsenide 
which could be expected at these temperatures.
900°C anneals of silicon, tellurium and 
selenium have produced peak electron concentrations of
-j Q _ o 14 15
1—3.10" cm with implantation doses between 10' -10;- ions
—  2cm . Activity was more easily achieved in the order selenium, 
tellurium, silicon.
14
Electron mobilities for 10 cm doses averaged
2 — 1 — t 13 — 2at about 2 - 3,000 cm V sec and for low doses, 10 cm
2 —1 —14 - 5,000 cm vr sec has been achieved i.e. higher than for
o 2 —1 —1750 C annealing which were approximately 2,000 cm V sec .
( Q Q, \
Use of Aluminium nitride resulted .in roughly
1 4a doubling of activity allowing a 3.10 tellurium implant
1 8 —3to produce 8.10 cm peak electron concentration which
compares with the maximum attainable when tellurium is
incorporated during growth of gallium arsenide.
Electron mobilities were however low compared with epitaxially
2 —1grown layers at 1,500 cm V sec which was attributed to 
carrier scattering from residual radiation damage.
4.2.6 Summary
High donor concentrations can now be achieved 
reproducibly in implanted layers. The highest concentrations 
require anneal temperatures of 950°C and either silicon 
nitride or aluminium nitride encapsulation.
Doping concentrations have been achieved which 
are comparable with solid solubility limits for most donors 
e.g. sulphur, selenium, tellurium and tin.
The position of the peak in carrier depth
profiles depends on the implanted dose. In most cases for
13 -~9doses higher than lQ'Lt ions cm the peak reaches to two 
or three times the predicted LSS range.
Low fractional doping efficiencies and 
mobilities for high dose implants indicates that compensation 
processes are still present even in samples annealed to 
950°C.
4.3 Review, post 1970 (ii) Disorder and site location
In the following section the literature 
published after 1970 describing disorder and the site location
of impurities in implanted gallium arsenide is reviewed.
Rather than there being clear trends in the published works 
many of the findings are contradictory especially where 
silicon dioxide was used as an encapsulant for annealing 
above 600°C. For this reason the review is presented on 
a year by year basis.
During 1970 several studies of lattice disorder 
annealing of room temperature dopaht implants were reported. 
Using a variety of disorder assessment methods, including 
Rutherford scattering, I.R. reflectivity measurements^107^
and pseudo kikuchb patterns, essentially the same
annealing behaviour was found.
1 3 —2For low doses * 5.10 cm , the original 
crystallinity of the implanted gallium arsenide could be 
restored by a 300 - 400°C anneal, but for higher dose implants, 
where a continuous amorphous layer was formed, a different 
behaviour was observed. For those a negligible reduction 
of lattice disorder was reported for anneal temperatures 
less than 200°C followed by a gradual decrease up to 600°C 
but even at this temperature the disorder was not completely 
annealed out.^0^ ^ 1^
At this time, C a r t e r u s i n g  radioactive
tracer techniques, confirmed the earlier electron microscope
(87)
observations of Mazey and Nelson, 7 that the temperature 
for annealing disorder in gallium arsenide during implantation 
is less than that required after implantation.
A year later, 1971, Whitton and Bellevance^*^) 
using Rutherford scattering techniques reported a large 
decrease of lattice disorder following implantation of 
sulphur at 150°C compared to room temperature.
In 1972 several studies reported the effects 
of implantation into hot substrates. Eisen^1^ in a
baekseattering study of lattice disorder formation over a
wide range of implant temperatures showed that, for
i 5 wm 2 o10 cm"" 220 keV tellurium, temperatures as low as 160 C
reduced the disorder to a quantity that was comparable with
unimplanted material.
Electron microscope examination of similar
(11 A)
tellurium implants by .Bi'cknellx ' revealed no observable
15 —2defects for doses less than 10 cm” .
Differences in the site location of tellurium
resulting from either hot implantation or the annealing
(66)
of room temperature implants were observed,, 7 Measurement 
of the attenuation of the backseattered signal along <110> 
indicated that 98$ of the tellurium of a hot (l80°C) implant 
was located along <110> lattice rows compared with only 60$ 
for samples annealed to 600°C.
Similar measurements along the <111> and <100> 
channeling directions indicated that in the case of the 
hot implants, at least 90$ of the tellurium occupied <li0> 
substitutional positions.
(l 1 ^Harris and EisenXAAcy who also reported 
large baekseattering attenuations along <110> directions 
of hot implanted tellurium samples also found differences 
in the encapsulation efficiency of silicon dioxide and silicon 
nitride. Considerable out diffusion of tellurium was 
observed when using silicon dioxide at anneal temperatures 
of 800°C but no change in the atomic profiles was apparent 
with silicon nitride annealed up to 650°C. Similarly no 
apparent change was detected when hot implants (200°C) were 
annealed to 900°C.
Similar out diffusion effects were reported 
for antimony implants®-*^ following the annealing of room 
temperature implants with silicon dioxide encapsulation. 
Following a 900°C anneal, 70$ of a 2.6. lO^cm*"2 dose out 
diffused. ~v Site location measurements, however, showed 
that most (90$) of the remaining atoms were located on <110> 
substitutional sites. When the antimony was implanted into 
substrates held at 550°C the substitutional yield was almost 
as high as for tellurium'with 80$ occupying < 110> lattice 
sites.
(i i 4)
Bicknell et al' ^ also examined the annealing
of disorder produced by room temperature implantation. The
14 —2diffraction patterns of a sample implanted with 6.10 cm 
which confirmed the presence of amorphous gallium arsenide 
showed no change until 120°C. At this temperature many 
small defects appeared, increasing in intensity with annealing 
until at 150°C the amorphous diffraction pattern was replaced 
by a very strong twin pattern. From these observations it
was concluded that lattice reordering occurred over the 
temperature range.120 - 150°C with the formation of a 
twinned structure.
During 1973 baekseattering of the annealing 
of room temperature implants was extended to higher anneal 
temperatures. By annealing room temperature implants 
(Te at 70 keV) encapsulated with silicon dioxide to 700 - 
800°C Takai^*^ demonstrated that^the lattice disorder was 
reduced to a quantity comparable with uniraplanted gallium 
arsenide and showed clear evidence for anneal stages at 
200 and 600°C. In contrast the work of Grob ('117-) implanting 
cadmium at 40 keV showed that much more disorder remained 
for similar dose implants annealed in the same temperature 
range, again with silicon dioxide encapsulation.
The lattice site location behaviour of cadmium
implanted into hot substrates (l50 - 250°C) was also shown
f i i 8 Vto be very different compared with tellurium. IIic '
reported baekscatter attenuations along < ilQ> of between
1 4 —260 - 66$ for 40 keV, i - 4.10 cm doses, indicating the 
possibility of a large fraction of the implanted dose 
occupying interstitial positions.
( 1 2 jDCarter' ^ in a detailed study of hot tellurium 
implantations confirmed the earlier findings of a high 
substitutional yield but showed that for the lower energies 
used (40 keV) the maximum substitutional yield was not achieved 
until an implant temperature of 200°C.
A fundamental difference in the tellurium
lattice site occupation behaviour between hot implants and
(116)
annealed room temperature implants was shown by Takai. '
By measuring separately the attenuation of 
backscatter yield from both implant and lattice atoms about 
the major channeling directions Takai was able to show that 
80$ of the tellurium implanted at 550°C was located 
on substitutional sites whereas fpr the room temperature 
implants annealed at 550°C, average displacements of 
0.49$. and 0.34$ were observed from <lil> and <110> lattice 
rows respectively. The term ’exactly* here implies within 
0.2$, being the limit of sensitivity of the measurement.
It was also shown that the high substitutional 
yield of a hot tellurium implant could not be achieved by 
annealing room temperature implants up to 800°C, with silicon 
dioxide as an encapsulation even though the residual lattice 
disorder in samples so annealed was negligible,
In 1974 Sealy showed that the annealing
stage observed at 600°C in gallium arsenide implanted at 
room temperature was due to defect migration. Electron 
microscope examination of tellurium implants confirmed the 
earlier findings that the low temperature anneal stage of 
200 - 250°C coincided with the amorphous material 
recrystallizing into a polycrystalline structure but that 
the high temperature anneal stage (570°C) coincided with 
the formation of dislocation loops. At higher anneal 
temperatures the loops decreased in number but increased in 
size. A dose dependence of annealing was found for the higher
1 5 —2doses examined ( z  2.5.10 cm~ ) where no loop formation 
was observed until 650 - 750°C. Comparing these observations - 
with sheet resisitivity measurements made on similar samples* it 
was shown that the formation of dislocation loops coincided 
with maximum values of sheet resistance. The change in loop 
distribution and size, with increasing anneal temperatures, 
also correlated with a decrease in sheet resistance.
Earlier the lattice disorder measured by
■V,
backscattering, in samples implanted at elevated temperatures 
was described as negligible or comparable with unimplanted 
material. At these very low levels the backscatter signal 
is effectively measuring dechanneling effects in a nearly 
perfect crystal rather than detecting randomly positioned 
lattice atoms in a disordered substrate. The dechanneling 
effect is probably due to the presence of slightly disorientated 
polycrystalline regions (crystal twinning) or to a strain 
distorted lattice structure.
In a comparative study of tellurium and cadmium 
implanted into hot substrates Gamo and T a k a i  found a
consistently higher level of residual disorder (or dechanneling) 
for cadmium implants. Over a wide range of implantation 
temperatures of 200 to 550°C both cadmium and tellurium 
disorder levels were found to be constant but the cadmium 
level was approximately three times higher.
These workers also found a very different 
lattice site location behaviour for cadmium compared with 
tellurium. Implantation at 200°C resulted in the highest 
substitutional lattice site occupation giving an attenuation 
of 70$ of the backseattered signal along the < 110> , with
progressively lower attenuations with increasing implantation 
temperature falling to only 30fc at 550°C.
As was the case for tellurium^^ these 
workers found that hot implantation resulted in < iiO>
substitutional site location whereas room temperature implants 
annealed to 700°C resulted in effective displacements of 
0.5& of the cadmium from true lattice site.
5. EXPERIMENTAL DETAILS
5.1 Sample preparation
Samples were prepared from bulk grown ingots 
of gallium arsenide by slicing with a slow speed circular saw 
and polishing using a mixture of 1% bromine in methanol.
The polishing was carried out by hand, using 
a polishing pad (Hyprocell Pelon) soaked in the bromine mixture,
and with the slice waxed onto a mandril. This method produced 
mirror like surfaces with only a small amount of rounding at 
the edges of the slice.
The slices were then cut into 5 x 5mm squares 
with a diamond impregnated wire saw.
Organic solvents were used throughout for 
cleaning and degreasing and before implanting all samples 
were recleaned for at least one hour in a soxhlet vapour 
condenser arrangement.
Representative samples from each batch were 
checked for saw and polishing damage and heavy ion 
contamination, which can arise from the organic solvents^ 
using the backscatter method itself to look for lattice 
disorder and impurity ion peaks.
5.2 Ion implantation - apparatus and procedures
All the implantations studied in this
V.
investigation were carried out using the Universityfs
(123)
500 keV heavy ion accelerator. The main■components■of
this machine are shown diagramatically in Fig.(l4).
The high voltage (positive) terminal 
contained the ion source and associated power supplies 
with the power being provided by an alternator inside it 
being driven by an insulated shaft connectedto a synchronous 
motor at earth potential.
The ion source was an evaporation (Nielson) 
type comprising an evaporation furnace, a cylindrical chamber 
containing a helical filament, a concentric anode and a 
coil winding to provide an axial magnetic field. The filament 
both ionised atoms and heated the evaporation furnace.
Cadmium and tellurium ions could be produced by subliming 
the elements directly at about 800°C.
Neutral atoms entering the ionisation chamber 
were ionised by electrons oscillating in the crossed magnetic 
and electrostatic field system and ions were extracted axially 
at the end of the chamber.
The ions were-focused by a three element 
Einzel lens arrangement and passed into the accelerator 
tube which was of the constant field type where the voltage 
from the terminal to earth was reduced in equal steps by 
a resistor chain across ten equally spaced electrodes.
A double focusing magnet with two exit ports, 
one at 45° and one at 90° was used to analyse the ions. The 
90° port which was used for this v^ork had an amu MeV product 
of 45. The current supply to the magnet was stabilized to
if-.
better than 1 in 10 .
The target chamber, placed approximately 
3 metres beyond the magnet was pumped by sublimation and
_7
ion pumps to pressures less than 1.10 torr whereas the 
rest of the system was pumped by liquid nitrogen trapped 
oil diffusion pumps.
Horizontal and vertical electrostatic deflection
was used to uniformly sweep the ion beam across trie sample.
(60 and 900 Hz) The diameter of the beam at the sample was 
approximately 3mm.
Samples to be implanted were supported in the 
target chamber on a holder capable of taking ten samples in 
five pairs. Each pair and a dummy position for monitoring 
the beam could be positioned in turn in the ion beam path.
The holder included a beam defining aperture , a secondary 
electron suppressor, horizontal and vertical wires to detect 
the position of the beam and to adjust the electrostatic
scanning voltages and a resistive wire heater capable 
of heating the samples to 200°C. The samples were held 
in position by spring loaded plungers and were inclined 
at 7° to the vertical to avoid channeling effects.
Ion doses were measured by integrating the
jon current with respect to T/m e . The ion beam density was
—2always adjusted to lie between 0.4 and 0.8ytoAcm
The analysing magnet current for a particular 
ion was determined by scanning the magnet current and 
recording the beam .current, falling on the dummy sample, 
using an X - Y recorder. Any particular ion could then 
be identified from its natural isotope abundance pattern 
and an approximate knowledge of analysing current and 
accelerating voltage.
5.3 Annealing procedures
All sample annealing was carried out in a
nitrogen atmosphere using a tubular furnace (silica furnace
tube 60cm length x 5cm bore). The length of the hot zone
in this furnace varied with temperature being a minimum of
approximately 5cm at the highest temperature used (800^0).
Temperature variations, checked using a thermo couple, were
of the order of ± 20°C. The nitrogen atmosphere was
-1maintained with a flow of 7 litres min
The samples were annealed singly or in pairs 
for 15 minutes being supported,implanted face downwards,on 
a boat made from an ingot of undoped gallium arsenide.
A 3000 - 40008. thick film of silicon dioxide 
was deposited onto samples annealed at or above 400°C.
These films were produced by the pyrolitic oxidation of 
silane at temperatures between 350 - 400°C.^tJ^  The total 
time tiie samples were in the deposition apparatus at 
temperature was about 10 - 15 minutes. Most of the silicon 
dioxide films remained intact during annealing showing no 
s i g n s of blistering or cracking but changed colour (interference 
colour) becoming slightly thinner, presumably due to 
densification. On a few occasions the films cracked and 
flaked due to poor adhesion in which case the samples were 
discarded.
After annealing the films were removed by 
dissolving in warm (» 50°C) dilute 10$ hydrofluoric acid 
for ten minutes. It was established with test samples that 
this procedure was sufficient to ensure complete removal of
the silicon dioxide without etching the gallium arsenide 
surface.
5.4 Rutherford backscattering
5.4.1 Apparatus and procedures
All the Rutherford backscattering analyses
h- +were carried out using a 1.5 MeV He beam produced with an 
H.V.E.C. Van de Graaff high voltage generator in the 
Electrical Engineering Department of the University.
The layout of the backscattering equipment 
is shown in Fig.(15). The main items were the generator, 
analysing magnet, flight tube, target chamber and electronib 
pulse detection equipment.
To achieve optimum generator conditions it 
was necessary to extract beam currents of approximately 
iO^aA, but to avoid radiation damage to the samples and 
exceeding the capabilities of the^  pulse detection equipment 
the current was reduced to 2 - 8 aA by defocussing the beam 
and by using aperture stops. The first aperture reduced the 
beam size to approximately 3mm diameter. The beam was then 
passed through a 1.2 tesla H.V.E.C. magnet and deflected 
approximately l 7 £  degrees in the horizontal plane. The
5 ■
magnet with a current supply stabilised to 1 part in 10 
provided the energy reference for the whole system.
Fine stabilisation of the generator was achieved 
by detecting horizontal transverse movement of the deflected 
beam on two water cooled slits. The output from each slit 
was amplified and fed into a high stability amplifier giving 
a correction signal which was applied to an electronic valve 
controlling the leakage from the high voltage terminal of 
the generator.
The overall energy stability, confirmed 
with backscattering measurements was i 2 keV,
Beyond the slits the beam was directed down 
a flight tube towards the target chamber. The tube was 
equipped with vibrating-wire beam detectors to monitor the 
shape of the beam, quartz beam viewers which could be
inserted to aid in setting the position of the heam , anti 
scatter baffles and.collimating stops to ensure less than 
0.2° beam divergence at the target for the channeling 
experiments. An adjustable aperture with horizontal and 
vertical movement was placed immediately in front of the 
target chamber defining the analysing beam cross section to 
1mm diameter and allowing the beam to be positioned relative 
to the sample.
\
The system was pumped with liquid nitrogen 
cold-trapped oil diffusion pumps (10 torr) which together 
with a cold finger placed in front of the target chamber 
reduced target contamination by oil vapour cracking to 
negligible levels during normal analysis times (approximately 
30 minutes).
The target chamber housed a goniometer capable 
of rotation about three orthogonal ases* Movement was
provided by stepping motors driven from an external control 
unit. The position of the sample within the chamber was 
indicated on large clock-like dials with pointers driven 
by identical stepping motors connected in parallel with 
those of the goniometer. The goniometer was fitted with 
anti backlash gearing and positioning to 0.01° was possible.
Samples to be analysed were held in place by
berylium-copper spring clips into a machined aluminium block
with reference edges which screwed into the goniometer. An
electrostatic secondary electron suppressor consisting of an
aluminium disc with a 10mm circular aperture was placed 3mm
2in front of the samples which were typically 5mm . This
geometry allowed rotation of the sample relative to the 
analysing beam with a maximum angle of interest being 
55° between the <111> and <100>.
An external current integrator connected to the sample 
holder enabled monitoring of the beam current as well as 
integration of the total charge*
Charge collection errors arising from secondary 
electron suppression, suppressor to sample holder leakage 
and stray signal pick up was measured as - 1% using a 
Faraday cup arrangement.
A silicon surface barrier detector (Ortee) 
was fitted in the target chamber approximately lOcms from 
the sample surface. Backscattered ions incident nn the 
de t e etor produ ced charge puIses proportional in amplitude 
to the energy of the ion. These pulses were amplified 
(xiO) through a low noise charge sensitive pre-amplifier 
(Ortec 109A) with a rise time of InS and a pulse shaping 
amplifier (Canberra 485).
The shaped pulses could then be directed to 
an Intertechnique Didac 800 Pulse height analyser (PHA) or 
a chart recorder via a rate meter and variable gain amplifier. 
The gain of this amplifier was controlled by the magnitude 
of the beam current as detected on the current integrator 
circuit. in this way fluctuations in the signal applied to 
the chart recorder due to variations of beam current intensity 
were smoothed out.
Data collected on theP.H.A. could be out put 
onto punched paper tape with numerical print out via a 
teletype writer or plotted directly using an X - Y recorder 
(Bryans 2000) with a null detector plotting system.
5.4.2 Spectra collection procedures
It was found by experiment that an analysing 
beam current of only 2nA could be-safely used without causing 
undue pulse pile up. Pile up occurs when the pulse rate 
is so high that a pulse is fed into the shaping amplifier 
before it has recovered f r o m  a previous one. When this 
happens the output of the amplifier is not zero as the 
second pulse is processed and an erroneously large pulse 
is produced. These erroneous pulses appear as spurious 
backscatter yield at higher energies than expectedv~~^For^—  
example, spurious yield appears on the high energy side 
of the gallium arsenide fedgef of an unimplanted sample. 
Confusion arises when the effect is so pronounced that the 
spurious yield extends into the impurity peak region of the 
spectrum of an implanted sample. Table 3 illustrates the effect 
in terms of the yields of interest on the spectrum of an 
implanted sample.
The shortest time constant available was 
0 .25 /1$ and the lowest practical integrated charge to collect 
sufficient yield to give a reasonable statistical average per 
channel was 3 u~ coulombs. A further practical consideration 
was the collection time which taken as about half an hour
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set a lower limit to the analysing current of approximately
2 a A .
Higher analysing currents could be used when
collecting spectra from samples aligned along channeling
directions due to the lower backscatter yield from the
substrate. In practice 4nA was used when collecting
aligned spectra and 2nA for non aligned. The total charge
collected was 3 and 6yW,C respectively. The total collected
charge was increased in some cases for greater accuracy for
14 ?example low implantation doses (< 5.10 era”") to ensure a 
minimum yield of 250 counts under the impurity peak.
The method used to align samples along 
channeling directions was as follows. The sample was rotated 
about an axis perpendicular to the beam and the backscatter 
signal recorded continuously on the chart recorder. The 
angular position of the planar channels, where a reduction 
of the signal measured, was noted and the sample then rotated 
a few degrees about the second axis perpendicular to the beam. 
By noting the new positions of the planar channels and making 
further appropriate adjustments about the second axis the 
planar channels could be made to merge into a single axial 
channel where the signal reduction was much larger compared 
with that of the planar channels. With practice, samples 
could be aligned to+ 0.1°.
Non aligned spectra were always collected 
immediately after aligned spectra for two reasons. First 
the yield per channel of the non aligned gallium arsenide 
portion of the spectra provided a check that the system
was working properly and secondly the samples could be 
rotated reproducibly to a known position with reference 
to the axial channeling direction to avoid planar channeling.
The energy resolution of the surface barrier 
detector was regularly checked by measuring the peak width 
(at half the maximum yield) backscattered from a thin (^ 40.8.) 
gold film. The same gold film target could be used to check 
the analysing beam energy and pulse handling equipment by 
observing the position (channel number) of the gold peak.
5.5 Data extraction from backscatter spectra
5.5.1 Introduction
The criteria used to quantify impurity 
retention, fraction of implanted impurity located along 
lattice rows and lattice disorder from the Rutherford 
backscatter spectra are now described. (5.5.2 to 5.5.4)
Most of the data were measured from areas
and backscatter yields on the output plots of the pulse
height analyser (P.H.A.). The methods used to define these 
areas and yields at particular points on the spectra are 
also discussed. (Section 5.6)
The lattice disorder data of 180°C tellurium 
implants were, however, obtained from numerical records of 
the P.H.A. This is described in section 5.5.6.
In some cases further analysis was carried out
with the data obtained from spectra and this is described
in section 5.6.7.
5.5.2 Impurity Retention '
The impurity retention- was taken as the total 
integrated yield under the impurity peak. Comparisons 
between different implanted doses or changes in the retained 
dose as a result of annealing could then be made by comparing 
the integrated yields taking into account the total collected 
charge of the analysing beam.
5.5.3 Lattice location of impurities
In order to determine the fraction of implanted 
impurities located along the <110> , <100> or <111> lattice 
rows, two spectra were collected. One with the sample aligned 
to the analysing beam along that row and the second with 
the sample in a non-aligned position approximately 10° away.
The fraction was then obtained from the 
reduction of impurity peak backscatter yield of the aligned
spectrum compared with that of the non-aligned spectrum.
5.5.4 Lattice disorder
Two different criteria were used to quantify 
the lattice disorder of hot and room temperature implanted 
samples.
In the case of room temperature implants, 
disorder peaks were present on the aligned spectra and 
the extent of lattice disordering was taken as the integrated 
backscatter yield under these peaks. As with the impurity
retention data, comparisons of the lattice disorder in 
different samples or reductions in the same sample as a 
result of annealing could he made taking into account the 
total analysing beam charge.
No lattice disorder peaks were found on the 
spectra of samples implanted with cadmium or tellurium at 
or above temperatures of 100° and I60°c respectively. Instead 
the spectra consisted of two approximately linear regions 
extending away from the surface peaks (see Fig.16). The 
gradient of the higher energy region was steeper indicating 
an enhanced dechanneling rate of the analysing beam.
The width of the steep gradient region was 
found to correspond, within experimental error, with the 
width of the disorder peak of a similar room temperature 
implant. The same correspondence was found for samples 
implanted with tellurium and cadmium over a wide range of 
energies, 50, 100, 200 and 300 keV, although the data 
presented in the results section applies only to samples 
implanted at 100 and 200 keV.
The width was also found to be independent
14 1 5 —2of dose over the range 1.10 to 5.10 cm for samples
implanted with 200 keV cadmium.
Thus since the width of the steep gradient 
region corresponded to the depth of the disordered layer 
in a room temperature implant, the enhanced dechanneling
of the analysing beam was used as a measure of the disorder 
remaining in the hot implanted samples.
5.6 Data extraction f r o m graphical plots
5.6.1 Impurity peaks - (i) aligned spectra
The integrated backscattered yield under 
an impurity peak was obtained by measuring the area enclosed 
by the peak and the energy axis of the P.H.A. graphical 
output plot as the base line. This is shown in Fig.17.
A planime.ter was used to measure each area at least four 
times from which an average was taken.
5.6.2. Impurity peaks - (ii) non-aligned spectra
The base line of an impurity peak on a non- 
aligned spectrum was obtained by superimposing a similar 
non-aligned spectrum from an unimplanted sample. In this 
way a correction could be made for the distortion of the 
impurity peak due to pulse pile up. This is shown in Fig.18.
5.6,3 Gallium arsenide edge yields
On non-aligned spectra, the backscatter signal 
from the gallium arsenide material itself depended only on 
the integrated charge for a given set of measurement conditions 
A measure of this signal could therefore be used to check the 
charge integration. It was measured as the yield (per channel) 
at the intersection of two straight lines extrapolating the
top and side edges of the gallium arsenide backscattered 
signal. This is shown in Fig.19. These yields were used 
to normalise the dose retention data (see 5.6.7.).
5.6.4 Disorder peaks - (i) areas
The integrated backscatter yield under a 
lattice disorder peak was calculated from the area enclosed 
by the peak itself and a straight-line joining the foot of 
the high energy side (A) to a point (B) on the low energy 
side defined by extrapolating portions of the spectrum as 
shown in Fig.20.
5.6.5 Disorder peaks - (ii) widths
The energy width of a lattice disorder peak 
was measured by dropping perpendiculars onto the energy 
axis from the two points of intersection between the line
extrapolating the low energy portion of the spectra and 
the two sides of the disorder peak. This is shown in Fig.21.
5.6.6 Dechanneling disorder yields
The disorder for the cadmium hot implants 
was quantified by measuring the backscatter yield at the 
end of the steep gradient region previously described 
(5.5.4). An energy (channel) was arbitrarily chosen and 
the yields measured from all the spectra at this energy.
The enhanced dechanneling for the 100 keV 
180° tellurium implants v;as measured from the numerical 
output plots.of the P.H.A. An average backscatter yield 
was obtained by summing several channels either side of a 
channel at a particular energy which was arbitrarily chosen* 
This channel was intentionally chosen at an energy greater 
than the end of the enchanced dechanneling region to avoid 
errors due to the summation being taken over the region itself.
5.6.7 Additional data treatment
A correction for variations in analysing 
beam charge was made for all the ion dose retention data 
taken from non-aligned spectra. An average gallium arsenide 
edge yield was calculated for each set of spectra. This was
then used to give a correction factor for the yield data
taken from each individual spectrum.
Aligned spectra of the 100 keV room temperature 
cadmium implants were collected along the three directions 
^110> , <111> and < 100>following each anneal for lattice 
location purposes. There was, therefore, three separate 
measurements of the lattice disorder peak for each sample.
By comparing all the peak measurements it was found that
empirical correction factors for the angular dependence of 
backscatter yield could be made in the ratio 1:1.91:2.46 
for the 110:111:100 directions respectively. Using these 
factors an average peak measurement was calculated from 
the three spectra of .each sample.
5.7 ERRORS
5.7.1 Introduction
Most of the results, given in the nest section 
(Section 6) are concerned with relative effects rather than 
absolute determinations. More emphasis has therefore been 
placed on a discussion of the errors affecting the comparison 
of data taken from one spectrum and compared with that of 
another. At the end of the section some consideration has 
been given to the errors affecting absolute determinations.
The errors are discussed in the following 
order and summarised in Table 4. The estimated errors for 
the measured quantities are given in Table 5.
1. Errors in the integration of analysis beam 
charge. (5.7.2)
2. Errors arising from the criteria used to 
quantify lattice disorder from the backscatter 
spectra. (5.7.3)
3. Errors arising from fitting curves to the P.H.A. 
output plots. (5.7.4)
4. Errors in comparing data from samples implanted 
at different energies. (5.7.5)
5.7.2 Analysing beam charge
The charge integration errors were of two 
types. Constant errors such as spurious signal detection 
due to back ground noise and pick up from the secondary 
electron beam suppressor which were shown experimentally
to be negligible (<0.1$) and random errors. The random 
errors were seen as variations of the yield at the gallium 
arsenide edge of spectra collected with the same indicated 
charge. Table 4 shows the variation in gallium arsenide 
yield for three cases
i) for consecutive spectra collections, 
ii) after removing and reloading the same 
sample and ^
iii) the day to day variations with different 
samples.
The second case is a measure of the reproducibility 
of sample and suppressor positioning and the third case is an 
indication of the reproducebility of the analysing beam energy 
and vacuum of the whole system.
It was concluded that the mean deviation error 
in the yields data due to charge integration variations was 
approximately 3.5fo.
5.7.3 Lattice disorder criterion
A typical spectrum from which the lattice 
disorder was deduced is reproduced in Fig. 2 0 - with the 
backscatter energy corresponding to the width of the disordered 
layer. An aligned spectrum from an unimplanted sample is also 
shown.
The lattice disorder criterion given in 
section 5.6.4 was taken as the area ABC making no allowance 
for the backscatter signal arising from gallium arsenide 
atoms still occupying lattice sites within the disordered 
layer.
The area DE^A on the unimplanted sample 
spectrum corresponds to the case when all the gallium 
arsenide atoms are on lattice positions. Since the number 
of atoms occupying lattice sites, within the disordered layer, 
ranges from a maximum given by the area DE^A and zero for a 
completely disordered layer, the area DE^A represents a 
maximum error to be subtracted from the lattice peak data.
An indication of the magnitude of this maximum 
error was assessed by comparing the areas ABC and DE^A and
was found to be 9$ for a sample implanted at room temperature
15 —2with 5.10 ions cm
5.7.4 Curve fitting
The error in fitting curves to the pulse
height analyser output plots depended on the statistical
variation in counts per channel over that part of the
spectrum to be measured. Thus the accuracy of measurement
15of an ion peak resulting from an implanted dose of 5.10
— 2 1 4 —2.ions cm was better than that of a 5.10 cm ion peak
collected with the same integrated analysing beam IIe.+ charge.
A wide range of ion doses (ion peak areas) 
and lattice disordering (lattice disorder peak areas) were 
examined but whenever possible the integrated He+ charge 
was increased to make the peak areas comparable with a 
5.10** ion cm”2 peak yield i.e. a minimum of 200 counts.
The maximum curve fitting error was determined 
by drawing a maximum and minimum area which was still a 
reasonable fit to the data poinks. Maximum and minimum
areas differed by 25$ for the smallest area considered, i.e.
1 4- — 25.10 ion cm peak. The mean error from several measurements 
was found to be approximately + 8$.
The error in measuring the areas with the 
planirnefce.Y’ was comparatively small and therefore the largest 
likely error for all the backscatter measurements was 
determined by the He^ charge integration error and the 
curve fitting error. This was estimated to be within + 15$ 
for a 5.10** cm”2 peak and within + 10$ for a 5,10*^ cm”2 
peak.
• 5.7.5 Implantation energy .
The variation in measured backscatter yield 
of 5.10*° Cd and Te cm”2 implanted at 50, 100, 200, 300 keV 
is shown in. Fig. G9. Each set of data is normalised to 
the 200 keV yield of each ion respectively.
The observed variation is likely to be 
due to differences in implanted dose, the backscatter 
data treatment and sputtering effects. At implantation 
energies of 100 keV and above the ion peak merges with 
the gallium arsenide signal resulting in loss or 
distortion of the information in the tail of the peak.
The variation of backscatter yield with 
implantation energy is of interest as the cadmium results 
given in section 6 are for both 100 and 200 keV implantations. 
From the data shown in Fig. G9 an error of 15$ should be 
taken into account when comparing the 100 and 200 keV 
cadmium retention data.
All errors that have been considered are 
summarised in Table 4. The likely error for each 
measured quantity has been estimated from this data and
is given in Table. 5.
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TABLE 5 ESTIMATED ERRORS OF MEASURED ’QUANTITIES
QUANTITY LIKELY ERROR
Ion dose
Lattice disorder (equivalent peak areas) 
Lattice disorder (dechanneling yields)
Error in comparing Cd 100 and 200 keV data
5 *1014*
± 15%
± 25% 
±15%
5.1015'*
+ 10%
+ 15%>
± 10%
± 15%
— 2* ion dose, cm
6. EXPERIMENTAL RESULTS
The results are presented in two groups 
as shown in the following list of contents. The first 
group is concerned with the dependence of lattice disorder 
and impurity retention etc. on implantation conditions such 
as temperature and dose. The second group contains data 
from annealed samples and deals with the reduction of lattice 
disorder and change of impurity distribution profiles etc. 
as a result of annealing. A list of the implantations from 
which these results were obtained and the experimental 
conditions used is given in table 6.
All the backseatter spectra shown are reproduced 
as they were collected and no allowance has been made for any 
He+ charge collection errors.
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6.1 Backscatter data from implanted gallium arsenide
6.1.1 Lattice disorder (a) Room temperature implants
(b) Hot implants
6.1.2 Impurity retention (a) Variation with implanted
dose
(b) Variation with implant 
v energy
6.1.3 Impurity distribution profiles (a) Tellurium
(b) Cadmium
6.1.4 Lattice location of impurities (a) Variation with implant
temperature 
(b) Variation with implanted 
dose
6.2 Backscatter data after annealing
6.2.1 Non implanted, gallium arsenide
6.2.2 Lattice disorder
6.2.3 Impurity retention
6.2.4 Impurity distribution profiles
6.2.5 Lattice location of impurities
6.1 Backscatter data from implanted gallium arsenide
6ol6i Lattice disorder
(a) Room temperature implants
Figs, G1 and G2 backscatter spectra, tellurium and 
cadmium implanted samples
Typical backscatter spectra of samples implanted 
with tellurium and cadmium at room temperature are shown in 
Figs. Gl and G2 respectively.
Fig.Gl shows impurity peaks (non-aligned)
for 5.1.014, 1015 ions cnT2 doses of 100 keV tellurium and
lattice disorder peaks ( < 110> alignment) for 5.1014 and 
1 5 — 25.10^ ions cm doses. Also included is a < 110> aligned
spectra showing the surface peak of an unimplanted sample.
Fig. G2 shows non-aligned impurity peaks
14- 15 15 — pfor 5.10 j 10 , 5J10 ions cm doses of cadmium and
.
a <100> aligned lattice disorder peak for 5,10 * ions cm
(b) Hot implants
Fig. G3 lattice disorder dependence on implantation 
temperature (tellurium)
The dependence of lattice disorder resulting
1 5 —2from implantations of 100 keV? 5.10 cm tellurium at 
implantation temperatures ranging from 80 to 200°C is shown 
in Fig. G3, The disorder, obtained by integrating disorder
peak yields, is shown rolaiive to the yield of a room 
temperature implant. (lOO$ at room temperature).
The disorder peak yields of samples implanted 
at and above 160°C were approximately equal to the integrated 
yield of the surface peak of an unimplanted sample.
A minimum lattice disordering of about 
5?e is reached at these temperatures compared with 4% for 
an unimplanted sample surface peak measured in the same way.
The minimum implantation temperature necessary 
to minimise. cLamcLje. . is therefore
160°C.
Fig. G4 backscatter spectra of samples implanted with 
cadmium.in the range 120 to 200°C
Figure G5 shows <ll.0> aligned spectra obtained
15from samples implanted with 5.10 200 keV cadmium ions
cm*~^  at temperatures of 120, 140, 160, 180 and 200°C.
It can be seen that all the spectra have
similar gradients in the low backscatter energy region but 
between channels 70 and 120 the gradients become steeper 
with increasing implant temperature.
The width of the disordered layer of a room 
temperature implant of the same ion dose and energy is also 
shown on the same scale and it is seen to coincide with the 
higher energy region.
Fig. G5 lattice disorder dependence on implantation
temperature (cadmium)
The dependence of disorder formation
15 ~2following implantations of 200 keV 5.10 cnf cadmium 
at room temperature and over a temperature range 80 to 200°C 
is shown in Fig. G£. The disorder, assessed from dechanneling 
yields, is shown relative to that of an unimplanted sample.
Error bars indicate the uncertainty due to He+ charge collection 
variations.
Disorder peaks were observed only for the 
room temperature and 80°C implantations. At 80°C the width 
of the disordered layer was approximately half that of the 
room temperature implantation. The minimum implantation 
temperature necessary to avoid the formation of an amorphous 
layer is seen to be 100°C. This temperature also produced 
a minimum of disorder with approximately twice the dechanneling 
yield of an unimplanted sample.
The disorder increases with implantation 
temperature over the range 120°C and 200°C reaching about 
five times the dechanneling yield of an unimplanted sample.
Fig. G6 the dependence of lattice disordering on
impurity dose implanted at 180°C
The lattice disorder produced by 100 keV
tellurium and 200 keV cadmium implanted at 180°C with doses
14 16 —9in the range 1.10 to 5.10 ions cm “ is shown in Fig, G6.
The disorder was assessed by measuring dechannelled yields
at a depth of 3190& for the tellurium implants and 254oX 
for the cadmium implants and is given as backscattered 
yield per keV. The depth scale was derived using a stopping 
power for 1.5 MeV He+ of 325 keV/micron. The deehannelled 
yields, at these defined points measured from an unimplanted 
sample spectra are also shown.
The lines fitted to the data points have 
gradients of 0.32 for Te and 0.3T^for cadmium,
6.1.2 Impurity retention
(a) Variation with implanted dose 
Fig. G7 tellurium retention
Figure G7 shows impurity peak backscatter yields
14 16 — 2measured from samples implanted with 1.10 to 5.10 cm
100 keV tellurium at 180°C. Since all the samples were measured
in the same way the peak yields are a relative measure of the 
amount of tellurium retained in each one. A line with unit 
slope drawn on the figure shows that a linear dependence of
retained dose with implanted dose was obtained over a range
14 1 5 —2of 5.10 -3)5.10 cm . The progressively lower retention
15 —2with increasing implant dose above 5.10 cm is thought to
be due to sputtering of the sample surface. The reason for
the apparently high yield measured for the sample implanted 
14 — 2with 10 ions cm is not known but is probably due to errors 
in measuring the data from the backscatter spectrum.
G8 Cadmium retention
Impurity peak backscatter yields measured 
from spectra of samples implanted with 20.0 keV cadmium at
o A
180 C in the dose range 1.10 - 3.10 cm are shown in
figure G8.
A line with unit slope is drawn through the 
15 —25.10 ions cm point and the expected errors for doses of
14 15 v,
5.10 and 5.10 ions era**" are shown.
A lia@ardependence of backscatter yield is
seen allowing for the expected errors, over the range
14 15 35.10 - 5.10 ions cm~ with appreciably larger divergencies
outside this range.
(b) Variation with implant energy
Fig. G9 tellurium and cadmium retention vs 
implantation energy
i o oThe dose retention of doses of 5.10 ° ions cm
tellurium and cadmium implanted at 180° over an energy range
of 50 - 300 keV is shown in Fig. G9. The data, given as a
percent backscatter yield relative to the yield at 200 keV
15 —2for each ion, shows how a measured dose of 5.10 ions cm~ 
apparently varies with the energy of implantation. Experimental 
results for both 100 and 200 k e V  cadmium implantations are 
given in this section. These results show that the apparent 
dose retention for a 100 k e V  implant is approximately 10$ 
less than one at 200 keV.
6.1.3 Impurity distribution profiles
Fig. G10 aligned and non-aligned tellurium profiles
Examples of spectra taken from samples implanted 
with tellurium at 180°C are shown in Fig. GlO. The profiles 
of samples implanted at both room temperature and 180° were 
the same for both tellurium and cadmium. The aligned
spectra yield scale is x 2^- the non-aligned.
The apparent position of the sample surface from the peak 
of the distributions was calculated assuming LSS projected 
ranges.
The 50 keV aligned spectra has a distribution 
skewed towards the sample surface and double peaks are seen 
in the 200 keV distribution with the smaller peak lying near 
the surface.
In the case of the 200 keV implants it can 
be seen that the low energy end of the tellurium spectra
merge with The gallium arsenide.
Gil non-aligned cadmium profiles
Examples of non-aligned spectra of cadmium 
implanted at room temperature and at energies of 50 - 300 keV 
are shown in Fig. Gil. Aligned profiles show no skewing 
towards the surface (viz. Fig. GiO) or surface peaks.
Again, as with the previous tellurium spectra, 
appreciable merging with the gallium arsenide edge is seen 
for the 200 and 300 keV spectra. Further examples of ’as
implanted’ profiles of room temperature ana 180° implants 
are shown in the next section (6.2).
6.1.4 Lattice location of impurities
(a) Variation with implantation temperature
Fig. G12 site location of tellurium and cadmium 
versus implantation temperature
' V.
The attenuation of backscattered yield along
15 —2the<110> direction of samples implanted with 5.10 ions cm 
of both 100 keV tellurium and 200 keV cadmium at implantation 
temperatures ranging from 80° to 200°C is shown in Fi.g-.G12.
The same set of tellurium and cadmium implanted 
samples were used for the data of this figure as for the 
lattice disorder data of tellurium (Fig. G3) and cadmium 
(Fig. G5).
For both impurities the attenuation of backscatter 
yield is proportional to the disorder. In the ease
of the cadmium, a maximum attenuation is seen at 120°C 
corresponding to a minimum of disorder between 100° and 120°C.
(b) Variation with impurity dose
Fig. G13 site location of tellurium and cadmium 
versus dose
The <110^> attenuation of backscatter yield 
compared to the non-aligned spectra yield is shown as a 
percentage for a range of doses (10 - 5.10^ ions cnr^)
of 100 keV tellurium and 200 keV cadmium implanted at 180°C.
Only a small dependence of attenuation with
15dose is seen for the tellurium implants up to 5.10 ions 
— 2cm" . The attenuation falls by approximately 7$ for the 
1.10^ ions cm~^ implant and 28% for the 5.10*^ ions cm”  ^
implant.
The cadmium results show a strong dependence
on implanted dose. From a maximum of 80% for the smallest
1 4 —2dose measured (5.10 ions cm ) the attenuation falls to
15 —236% for an interpolated dose of 8.10 ions cm then rises
16 2again to 51% for the nominal 3.10 ions cm"" implant.
6.2 Backscatter data from annealed gallium arsenide
6.2.1 Non implanted gallium arsenide
Fig. G14 backscatter spectra of unimplanted samples
Aligned < 110> backscatter spectra of imimplanted 
samples annealed at 600° and 750°C with silicon dioxide 
encapsulation which was removed before analysis are shown in 
Fig. G14a. The energy resolution of the measurement was such 
that the gallium and arsenic surface peaks are separated as 
shown. Also shown (Fig. G14b) is a spectrum collected 
following a 750°C anneal but before removing the silicon 
dioxide. The presence of the silicon dioxide has depressed 
the gallium arsenide signal beyond the range of the figure 
but the peak as shown occurs at a backscatter energy corresponding 
to gallium on the equivalent mass scale.
It is likely therefore that gallium and 
arsenic were uniformly distributed through the silicon 
dioxide with a higher concentration at the outer surface.
The concentration of impurities in the oxide 
was estimated to be about 0.25 atomic percent by comparing 
backscatter yields of spectra a and b.
The spectra of a similar sample annealed at
in yfCLCuvin
600 C and 700 C^with silicon dioxide encapsulation and analysed 
after removal of the oxide is shown in Fig. G4ic. Analysis 
before oxide removal showed a similar concentration of impurities 
(Fig. Gl4b) but no evidence of an increased concentration at 
the outer surface.
6.2.2 Lattice disorder
(a) Room temperature implants
Pig* Glo backscatter spectra of annealed,, room 
temperature tellurium implants
Examples of <110> aligned spectra of a sample 
14 —2implanted with 5.10 ions cm 100 keV tellurium and annealed 
at temperatures from 500° to 800°C are shown in Fig. Gl5.
The silicon dioxide encapsulation was removed before analysis.
15 15 —2Samples implanted with 1.10 and 5.10 ions cm produced
similar spectra. Semi-insulating gallium arsenide was used
for these tellurium room temperature implants.
As shown in Fig. Gl5(a) the lattice disorder 
peaks and dechanneling level behind the peaks diminishes 
with increasing anneal temperature up to 600°C. At higher 
anneal temperatures of 700 and 800° (Fig. G15B) the disorder 
peak is depressed to lower backscdtter energies and the 
dechanneling yield is increased.
These spectra were superimposed on the figure 
with reference to the tellurium p'eak and pulse height 
analyser channel number. It is likely therefore that a film 
thick enough to depress the lattice disorder peak position 
and probably containing arsenic or gallium and arsenic was 
present on the surface of the sample after annealing at 700° 
and 800°0 and removing the silicon dioxide encapsulation.
Fig. -G16 lattice disorder annealing, room temperature 
tellurium implants
The reduction of lattice disorder with annealing
— 14- 15 -—2observed in samples implanted with 5.10. 1,10' ions cm
100 keV tellurium at room temperature is shown in Fig. G16. 
The lattice disorder without any annealing is given followed 
by an anneal at 500°C, a second anneal at 500°C and then single 
anneals at 600, 700 and 800°C. The lattice disorder was 
measured from the backscatter disorder peaks and is given in 
arbitrary units.
The surface peaks of an unimplanted sample was 
measured as 3.2 arbitrary units.
The lattice disorder falls progressively 
through the anneal temperature range with the middle and low 
dose samples reaching a comparable value with the unimplanted 
sample.
Fig. G17 backscatter spectra of annealed, room 
temperature cadmium implants
Examples of <110> aligned backscatter spectra
of samples implanted with 100 keV cadmium at room temperature
are shown in Fig. GlT. Spectra of a sample implanted with 
14 —25.10 ions cm without any annealing and annealed at
400°C and 600° and 750°C are shown in Fig. Gi7(a). Yield
scaling factors apply as indicated. The disorder peak is
seen to diminish with increasing anneal temperature until at
750°C it has the same form but slightly larger than the normal
surface peaks of an unimplanted sample shown by the dotted
line. Spectra corresponding to anneals at 600° and 750°C
15 ~2of a sample implanted with 5.10' ions cm were as shown
o
in Fig. G17 (b). The disorder peak following the 600 C 
anneal was apparently arsenic rich but following the 700°C 
anneal it was gallium rich. The dechannelled yield of the 
<110> 750° spectra is less than the 600°C spectra (Fig.Gl7b)
but the average yield, measured from <110> <111> and <100>
spectra, was slightly larger for the 750°C compared with 600°C 
anneal (see Fig. G19),
Fig. G18 lattice disorder annealing, room temperature 
■cadmium implants (i)
The reduction of lattice disorder with annealing
of samples implanted with 5.1CT^, 10*^ and 5.10^ 100 keV
„ 9
cadmium cm at room temperature is shown in Fig. G18.
The data obtained from measurements of the 
backscatter disorder peak areas, gives the disorder without 
any annealing and following anneals at temperatures of 200,
400, 600 and 750°C. The disorder is given in arbitrary 
units and the disorder of an unimplanted sample i.e., the 
area of the normal surface peaks,v-is as shown.
The disorder of the low dose sample falls 
progressively through theaanneal temperature range but the 
middle and high dosed samples show no significant annealing 
until 400°C. The highest dosed sample had an anomalously 
low amount of disorder following the 600° anneal but at 750° 
all samples approached a minimum value of approximately twice 
the unimplanted level.
Fig. G19 lattice disorder annealing, room temperature
cadmium implants (ii)
Lattice disorder annealing measured by 
dechanneling yields from the same spectra that were used 
for the data of Fig. G18 is shown in Fig. G19.
The dechanneling yields were normalised to 
the unimplanted sample value shown as unity on the disorder 
seale.
No reduction of dechanneling yield was observed 
for any of the samples until the 600° anneal when again
(viz Fig. G18) an anomalously low value for the high dose 
sample was measured. At the highest anneal temperature of 
750° the middle and low dose samples had very low deehanneling 
yields only slightly higher than an unimplanted sample.
An increased dechanneling yield was observed 
for both high and middle dose samples following the first 
anneal at 200°C.
(b) Lattice disorder, 180 implants
Fig. G20 lattice disorderannealing, 180° 
tellurium implants
Lattice disorder reduction with annealing of
1 4 1 5 1 5samples implanted with 5.10 , 1.10 and 5.10 100 keV
_ 9
tellurium cm  ^is shown in Fig. G20. The disorder was assessed 
by measuring dechanneling backscatter yields before annealing 
(as implanted) and following anneals at 400°, 600° and 750°C.
The dechanneling yield is shown relative to the yield from an
unimplanied sample.
An increased deehanneling yield was again 
observed following the first anneal (viz annealing of cadmium 
implanted at room temperature Fig. G19.) otherwise the deehanneling 
yield of the middle and high dose samples decreased to that of 
the low dose sample following.the 750° anneal when it was 
approximately twice the unimplanted yield.
Fig. G21 lattice disorder annealing. 180° cadmium implants
Lattice disorder reduction with annealing of
14 15 ‘ 15 ~ p100 keV cadmium doses of 5.10 , 1.10 , 5.10 ions cm
implanted at 180° and annealed at 400°, 600° and 750° is
shown in Fig. G21. The lattice disorder was assessed by
measurement of the deehanneling yields and is shown relative
to the yield from an unimplanted sample.
Increased deehanneling yields following the 
first anneal were again observed (viz annealing of room 
temperature cadmium and 180° tellurium implants Figs. G19 
and G20) with all samples at 750° reaching a value of 
approximately twice the deehanneling yield of an unimplanted 
sample.
6.2.3 Impurity retention
Fig. G22 retention of tellurium with annealing
The retention of 100 keV tellurium following 
annealing in the temperature range 400 - 800°C measured in 
samples implanted with 5.10 , 1.10 ’ and 5.10 ions cm w
at both room temperature and 180° is shown in Fig. G22. The 
data for each dose are normalised to the unannealed values. 
No appreciable losses were measured upto the 600°danneal.
Fig. G23 retention of cadmium with annealing
The retention of 100 keV cadmium in annealed 
samples implanted at both room temperature and 180°C with
14 15 15 _9doses of 5.10 , 1.10 and 5.10 ' ions is shown in
Fig. G23. The data are normalised to the unimplanted values
for each dose. Results are shown for anneals at 400°, 600°
and 750°C for samples implanted at 180°C and also at 200°C
for samples implanted at room temperature.
Compared with the previous tellurium results, 
a larger dependence of retained dose on implant temperature 
was found for the cadmium samples^with appreciably larger 
losses for the room temperature implants.
For ease of comparison, a table of approximate 
interpolated values giving the percentage loss corresponding 
to a 750° anneal for both impurities is given below.
Table 7 Fraction of implanted dose lost after annealing at 750°C
Implanted 
ions cm~
dose
2
Cadmium Tellurium
RT
oooGOT“i RT 180°C
5,10^ “ 35 10 40 10
I.10lD 50 30 18 15
5.1015 60 35 - 40
6.2.4 Impurity depth profiles
(a) Room temperature implantations
Fig. G24 backscatter spectra of annealed tellurium implants
Aligned <110> and non-aligned spectra of a
15 —2sample implanted with 100 keV, 5.10 tellurium ions cm
at room temperature and annealed at 500°, 600° and 700° 
is shown in Fig. G24. Pulse pile up distortion is evident 
on the non-aligned spectra.
Figs. G25 and G26 backscatter spectra of annealed 
cadmium implants (i) and (ii)
Aligned <110> and non aligned spectra of a
15 —2sample implanted with 100 keV 5.10 cadmium ions cm at
V Oroom temperature and annealed at 600 and 750 are shown 
in Figs. G25 and G26 respectively. A spectrum of the sample 
before any annealing is also shown. The profiles following 
annealing at 200° and 400°C, not shown, were similar to 
the unannealed profiles for both aligned and non-aligned 
orientations.
A considerable reduction in the retained dose 
can be seen following the 600° anneal with the profile becoming 
asymetric and peaking near the sample surface.
The gallium arsenide 'edgef of the 750°C anneal 
spectra (in both figures) is at a lower backscatter energy 
compared to the spectra corresponding to all other anneal 
temperatures.
A similar shift of the edge was observed for 
all doses (5.10^, 1.10^ and 5„ 10^) annealed at 750°C 
(see also Fig. G28).
Fig. G27 backscatter spectra of annealed cadmium 
implants'(iii)
Aligned <i.lO> spectra of a sample implanted
15 . -2with 100 keV 5.10. cadmium cm are shown in Fig. G27.
The 600^ spectrum was collected after annealing at 600° 
and removing the silicon dioxide encapsulation. The two 750° 
spectra were collected after annealing the same sample at 
750°C, one with the encapsulation still in position and the 
other after removing it. The gallium arsenide signal is only 
shifted to a lower energy in the case of the 750°C anneal and 
after removal of the encapsulation.
(b) 180°C implantations ^
Fig. G28 and G29 backscatter spectra of annealed 
tellurium implants
Aligned <110> and non-aligned spectra of a 
sample implanted with 100 'keV 5.10*^ tellurium cm~^ at 180°C 
and annealed at 600° and 750° are shown in Figs. G28 and G29 
respectively. Spectra collected before annealing are also 
included in each figure.
As in previous figures (e.g, Fig. G25 and 
G26) the gallium arsenide edge signal is depressed in the
case of the 750° anneal spectra only.
Loss of implanted dose and a movement of the 
profile towards the sample surface can again be seen as was 
the case for the annealed room temperature implants.
A comparison of the two 600°C spectra shown,
that most of the atoms not lying along < 1X0^ rows are distributed 
in the near surface regions of the sample.
Figs. G30 and G31 backscatter spectra of annealed
cadmium implants
Aligned <1 i0> and non-aligned spectra of a
2 osample implanted with 100 keV cadmium cm~“ at 180 C and 
annealed at 600° and 750° are shown in Figs. G30 and G31 
respectively. Spectra collected before annealing are also 
shown. A scaling factor applies to the 750° spectra in 
Fig. G30 as indicated.
A large depression of the gallium arsenide 
is seen on both figures for the 750° anneal.
6.2.5 Lattice location of impurities
Figs. G32 and G33 lattice location of tellurium
The attenuation of tellurium backscatter 
yield measured in the <110> aligned direction and compared
to the non-aligned yield is shown in Figs. G32 and G33 for 
samples implanted at room temperature and 180° respectively.
Figure G32 shows the attenuation before any 
annealing, after a single anneal at 500° and after a second 
anneal at the same temperature and then single anneals at
600° and 700°C for samples implanted with 3.10*^, 1.10^
15 —2and 5.10 tellurium cm~ at 100 keV. Also shown is the
attenuation measured for the two lower dosed samples after
annealing at 800°C.
Similarly the <110> yield attenuation is shown 
for a comparable set of samples but implanted at 180° and 
annealed at 400°, 600° and 750°C in Fig. G33.
Fig. G34 lattice location of cadmium (i)
The attenuation of cadmium backscatter yield 
measured in the 110 aligned direction and compared with 
the non-aligned yield after annealing a sample implanted with 
100 keV 5.10*4 ions cm~2 at room temperature and 180° is 
shown in Fig. G34. Data are given for each sample before 
annealing, following anneals at 400°, 600° and 750°C and 
also at 200°C for the sample implanted at room temperature.
Fig. G35 lattice location of cadmium (ii)
A similar set of attenuation data as given
15 —2in Fig. G34 but for cadmium dose of 1.10 cm and measured 
also in the <111> and <100 > directions is shown in Fig. G35.
Fig. G26 lattice location of cadmium (j.ii)
The attentuation of cadmium backscatter yield
measured in the three directions < 110> , <111> and < 100>
15 _ 9
with a dose of 5.10 ions cm at room temperature and 
180° and annealed at the same temperatures as the data
given in Fig. G34 is shown in Fig. G36.
7. DISCUSSION OF RESULTS
7.1 Introduction
The overall objective of this research project 
was ' to study the effects of impurity doping of gallium 
arsenide by ion implantation which, from known results of 
implantation into silicon, was expected to be a more 
controllable doping method and would overcome problems 
associated with the thermal instability of the material*
Ultimately any doping method would have to 
be assessed by measuring the electrical properties of the 
implanted layer* However this work was intended to contribute 
towards that objective by investigating methods of implanting 
gallium arsenide or treating previously implanted layers to 
produce a minimum of lattice disorder and a high fraction of 
implanted atoms occupying substitutional lattice sites. The 
assessment of lattice disorder and substitutional fraction 
was carried out using Rutherford backscattering.
The work proceeded along the following lines 
and the results are discussed in the same order.
First, post implantation annealing of the 
amorphous disorder formed in samples implanted at room 
temperature was examined. The lattice location of the 
implanted impurities and impurity retention with annealing 
was also measured. The retention data led to important 
conclusions regarding the efficiency of the silicon dioxide 
encapsulation.
Secondly implantations into heated substrates 
were investigated and the critical implantation temperature 
to avoid forming amorphous layers was established. As a 
result of this work it was found that even when samples 
were implanted above the critical temperature a small amount 
of disorder was present causing deehanneling of the backscatter 
analysing beam. The dependence of this residual disorder 
upon dose and impurity type was established for implantations 
carried out at 180 C.
Currently, other workers investigating the 
electrical properties of implanted layers were reporting 
low doping efficiencies for hot implants. Post implantation 
annealing was known to be important in achieving electrical 
activity so samples implanted at 180°C were annealed and 
examined in the same way as for the room temperature implantations.
Finally, since the efficiency of the silicon
dioxide encapsulation was suspect, samples were examined using 
ESCA electron spectroscopy which is sensitive to the chemical 
bonding state of atoms in surfaces.
7.2 % Annealing of samples implanted at room temperature
The measurements of lattice disorder annealing ; 
indicate that higher temperatures than 800°C would be needed 
to completely reorder the samples. However it is thought 
that the silicon dioxide encapsulation affected the annealing 
behaviour.
Other backscattering studies (l07)(ll7)(il6) Gf 
the annealing of amorphous disorder in gallium arsenide have 
been published in which silicon dioxide was used as an 
encapsulant. It is not clear whether the annealing behaiaour 
was affected by the encapsulants used there but it is noted 
that in one c a s e ^ ^  where a sputtered oxide was used that 
there was less disorder following a 700°C anneal compared 
with the other two studies where a pyrolitically deposited 
oxide was used.
Evidence for the failure of the silicon dioxide 
to prevent thermal degradation of the gallium arsenide annealed 
at 600°C or above in this study is seen in the backseatter 
spectra (Figs. G15 and Gl7) where the energy resolution of 
the system was sufficient to resolve the separate gallium 
and arsenic components of the disorder peaks.
The yields under these peaks are unequal and 
either more or less compared with unannealed controls. These 
differences are interpreted as indicating that the sample 
surfaces were either rich or deficient in either of the two 
components.
It is believed that the thermal degradation 
was caused by arsenic out-diffusing through the encapsulation 
more readily than gallium since the spectra of samples annealed 
at 750°C (Fig. Gl7b) show a larger gallium peak and a smaller 
arsenic peak, compared with unannealed gallium arsenide
indicating a gallium rich surface. A large arsenic deficiency 
following annealing at 750°c is also seen in Figs. G25 and G26 
where the gallium arsenide ’edge1 is apparently shifted to 
lower energies.
The spectra of samples annealed at 600°C show 
an arsenic rich surface. This is believed to be a preliminary 
stage to the arsenic deficient surface found after annealing 
at 750°C caused by either an accumulation of arsenic >at the 
gallium arsenide - silicon dioxide interface during annealing 
or by arsenic being deposited onto the sample surface from 
the silicon dioxide as it was removed by etching.
Uniraplanted gallium arsenide annealed in the 
same way also had an arsenic rich surface after annealing at 
600°C? but after annealing at 750°C the arsenic loss was 
less compared with implanted gallium arsenide, such that 
the surface peaks were equal and only slightly larger compared 
with an unannealed control (Fig. Gi4a).
The lower out diffusion losses and higher 
substitutional lattice site occupation observed for tellurium
compared with cadmium is also believed to have been influenced
h.
by the loss of stoiciometry. Tellurium is an n-type impurity
A
and cadmium a p-type impurity in gallium arsenide and as such 
are expected to occupy arsenic and gallium lattice sites 
respectively. • In arsenic deficient gallium arsenide therefore 
tellurium might more easily occupy substitutional lattice 
sites, compared with cadmium, resulting in lower out diffusion 
losses. . .
7.3 Implantations into heated substrates
The most significant result of this part of 
the work was that the lattice disorder previously found in 
samples implanted at room temperature was avoided by heating 
the samples during implantation and that this could be achieved 
at a temperature (l80°C) where no appreciable thermal 
degradation of the gallium arsenide or broadening of the 
impurity profiles by diffusion occurred. The implication 
of the latter was that no encapsulation was required during 
implanta ti on and-tha t -the prof lie s could still be pre dieted 
usingLSStheory.
Reduced lattice disordering by heating the 
samples during implantation had not been reported for gallium 
arsenide in the literature before this work but was known to 
occur for silicon and germanium. It has been suggested that 
above a critical temperature the lattice defects produced by 
bombardment become sufficiently mobile to anneal out the 
lattice disorder during the time of the implantation.
( 94) (116)
Later publications' '' 1 have reported similar
reductions of lattice disordering by heating during implantation 
of tellurium. A range of critical temperatures (160 to 250°C) 
have been reported for implantation doses of approximately
1.1015 cm“^ depending on the implantation energy (40 - 220 keV). 
It is believed that higher temperatures are required for lower 
implantation energies due to a higher defect density being 
produced in the substrate.
The critical temperatures for tellurium
and cadmium were found in this work to be 180 and. 100°C
respectively for the same implantation energy and dose.
A similar difference in temperature has also been reported
O ^o)
for these impurities implanted at 70 keV.
The reason for the difference is not known but 
could be related to defect densities as previously discussed 
for tellurium implantations at different energies. In this 
case a higher density would be present in the tellurium 
implanted samples due to the higher ( z  ±7?c) atomic mass of 
tellurium compared with that of cadmium.
Although there was no evidence for amorphous 
disorder in samples implanted above the critical temperature 
there was significant dechanneling indicating the presence 
of some residual disorder (Figs. G4 and G5). The dechanneling 
extended to a depth comparable with the impurity profile and 
was dependent on both implantation temperature and impurity 
dose.
The nature of this residual disorder is not 
known but since it gave rise to dechanneling rather than a 
disorder peak on the backscatter spectra it is thought to be 
associated with lattice distortion rather than a disrupted 
lattice as in an amorphous layer. The substitutional effect 
in samples implanted with cadmium (Fig. G12) showed an inverse 
behaviour to the residual disorder (Fig. G5) with the largest 
substitutional effect coinciding with the lowest disorder.
Samples implanted with tellurium also had less residual 
disorder compared with samples implanted with cadmium and 
a larger fraction of the implanted dose occupying substitutional 
lattice sites. It was concluded therefore that the distortion 
was due to the presence of the impurity itself and the exact 
position the atoms occupied in the lattice.
A cube root power law dependence of residual
lattice disorder with implantation dose to 3.10*^
-2\
ions cm ; wag £OUn(j for fcoth tellurium and cadmium.'
No comparable lattice disorder measurements 
have been published to date but a cube root dependence of 
amorphous lattice disorder has been; observed f or room temperature 
implantations of 85 keV oxygen and 40 keV tin.
A power law, dependence on dose rate has also 
been reported for silicon room temperature implantations where 
the proportionality changed from unity to a square root
dependence when the-beam current was lowered to 0:6 from
—2 (127) /
10 micro amps cm” . A cube root dependence may therefore 4
be expected where the rate of amorphous disorder is very low
or when it anneals fin situ* as with the 180°C implantations
examined here.
7.4 Annealing of samples implanted at 180°C
The results of this section of the work indicate 
that the dechanneling disorder present in samples implanted
at 1.80°C can be reduced by thermal annealing but that a
higher temperature than the 750°C used here would be needed
for complete reordering. Annealing stages observed at 400°C
and 600°C indicate that the annealing of the dechanneling
disorder might be similar to that previously reported for
o (//*? }
amorphous disorder where dislocation loops formed at 600 C*
The impurity out diffusion which occurred 
after annealing at 600°C and 750°C leading to loss of the 
implanted dose and a reduction of the fraction of atoms 
occupying substitutional sites is again attributed to thermal 
degradation of the gallium arsenide. However the impurity 
out diffusion losses were less compared with samples implanted 
at room temperature and annealed in the same way suggesting that 
the encapsulation requirements might be less demanding for the 
annealing of samples implanted at 180°C.
7.5 Silicon dioxide encapsulation
The backscatter work which showed that thermal 
degradation of the gallium arsenide oceured during annealing 
prompted further work in which tellurium implanted samples, 
encapsulated and annealed as before, were examined using 
electron spectroscopy (ESCA). See Appendix 1.
ESCA confirmed that, the surfaces of unimplanted 
samples annealed at 600°C were rich in arsenic and deficient 
in gallium and that following annealing at 750°C the 
concentrations of both components were nearly equal but
also that approximately 20$ of the surface gallium was in 
an oxidised state.
15In samples implanted with 5.10 tellurium
2 ocin~ and annealed at 750 C the amount of oxidised gallium
was much higher at 50$ and the total gallium yield
^ ametallic + ^aoxidised) exceeded the surface arsenic yield. 
Using ion etching it was shown that the oxidised gallium 
extended to a sample depth comparable to the range of the 
implanted ions.
It was assumed that oxidation of the gallium 
occurred due to indiffusion of oxygen through the silicon 
dioxide layer enhanced by free oxygen within the layer 
itself.
S. CONCLUSIONS
Room temperature Implantations
Efficient and reproducible doping is unlikely
14 -2to be achieved for ion doses greater than 5.10 cm implanted 
at room temperature and annealed using the procedures followed 
in this work. Thermal degradation of the gallium arsenide 
occurs at temperatures (600°C) where there is still considerable 
lattice disorder and the yield of atoms occupying substitutional 
lattice sites is low. Annealing to higher temperatures (750°C) 
does increase the substitutional yield but thermal degradation 
and impurity out diffusion losses are also increased.
Efficient doping can, however, he expected for
14 **2low dose implants (^5.10 ions cm" ) where high substitutional 
yields were measured (Cd. 50$, Te 100$) following annealing 
at 750°C and 800°C although dopant losses of approximately 
35$ should be expected.
Implantation into heated substrates
Several benefits result from carrying out 
implantations at 180°C. No amorphous disorder is formed, 
high substitutional yields are achieved, impurity depth 
distributions and dose retention are unaffected. No thermal 
degradation of the gallium arsenide is apparent and consequently 
there is no need for an encapsulant during implantation.
However, the presence of residual lattice 
disorder or strain suggests that the impurities are not 
located exactly on lattice positions. It is therefore 
unlikely that efficient electrical doping can be achieved
without further annealing.
Annealing of samples at 180°C
Samples implanted at 180°C can be annealed up 
to 400°C without appreciable impurity out diffusion and 
reduction of the substitutional fraction. The fraction of 
the implanted impurity dose becoming electrically, active 
and the mobility of carriers is however likely to be poor 
compared with a diffused layer due to the presence of lattice 
strain.
Silicon dioxide encapsulation
The suitability of silicon dioxide as an 
encapsulant is questionable since it has been shown to result 
in oxygen being the major impurity in implanted and annealed 
gallium arsenide. It is obviously undesirable in a binary 
semiconductor to have a high but unknown concentration of 
an impurity bonded preferentially to one lattice component, 
disrupting the crystallinity of the lattice' and possibly 
creating compensating centres such as gallium vacancies.
KiSUUMMEJNJLJATJLUJNIS F U H  1VUTUK1S YYUKit
This work has shown that implantations carried 
out at room temperature and at 180°C require post implantation 
annealing to remove lattice disorder or strain, Silicon dioxide 
as used here has proved to he unsuitable for annealing at the 
temperatures that are expected to be required i.e. 800°C. One 
of the future aims is therefore to examine other encapsulation 
materials such as silicon nitride or aluminium nitride. Rutherford 
scattering could be used to assess^thermal degradation of sample 
surfaces and to determine whether the number of implanted impurity 
atoms occupying substitutional lattice sites is reduced by 
annealing as was found for implantations annealed with silicon 
dioxide.
In view of the advantages of carrying out 
implantations at 180°C it would be useful to re-examine annealing 
of the lattice strain disorder with a more suitable encapsulation. 
It has been shown that lattice strain can be conveniently detected 
by dechanneling of the analysing beam so it is suggested that 
this could be used to measure the annealing.
The extent of the lattice strain measured in 
samples implanted above the critical temperature was found to 
vary with implantation temperature. If the strain is due to 
incomplete annealing during implantation it would be advantageous 
to implant at a higher temperature than the 200°C used here. 
Implantations carried out at temperatures above 350°C, however, 
have the disadvantage of requiring sophisticated sample holders 
and encapsulation of the gallium arsenide during implantation. 
However it is again suggested that dechanneling measurements 
could be used to measure the residual disorder or lattice strain.
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HEAT TRE A T M E NT  OF ION IM PL A N T ED  GaAs
E. C. BELL, A. E. GLACCUM, P. L. F. HEM MENT and B. J. SEALY  
Department o f  Electronic and Electrical Engineering, University o f  Surrey, Guildford, Surrey, U.K.
(Received February 14, 1974)
Rutherford backscattering, electron spectroscopy (ESCA) and transmission electron diffraction have been used to 
analyse SiC>2 or S13N4 encapsulated GaAs specimens, heat treated at 600°C or 750°C. The nitride layer is found to 
be the better o f the two encapsulants as it inhibits oxygen in-diffusion and the formation o f £?-Ga2 0 3. Lattice damage 
caused during ion implantation is found to enhance the formation o f Ga2 0 3 in specimens encapsulated with SiC>2 , 
and it is concluded that after heat treatment o f these specimens, oxygen may be the dominant impurity.
1 IN TRO DUCTIO N
The successful application o f ion implantation to 
compound semiconductors depends upon an ability 
to control the surface composition during the heat 
treatment necessary to anneal out irradiation damage.1 
In  this paper the authors wish to report some con­
clusions reached about the composition o f the surface 
layers o f GaAs specimens heated at 600°C or 750°C  
in flowing nitrogen at atmospheric pressure. These 
specimens have been encapsulated with S i02 or 
Si3N 4 dielectric layers, commonly used as barriers 
to diffusion. The former films were 30Q0-4000 A  
thick and grown at about 350°C by the pyrolitic 
oxidation o f silane,2 whilst the latter were 2000 A  
thick and deposited at about 300°C by a sputtering 
process.3 Specimens have been implanted in a non­
channelling direction with up to 5 x 10l f T e+/cm 2 
at 100 keV using the University of Surrey’s 600 keV  
Heavy Ion Accelerator. These implants were either 
at ambient or 180°C, the latter temperature being 
chosen to anneal out gross lattice damage during 
implantation4 so enabling the gallium and arsenic 
signals to be resolved. In  the analysis reported here 
no systematic differences, which can be related to 
the difference in implant temperature, are evident.
Harris5 and co-workers have reported that they 
achieve higher electrical activity in tellurium implanted 
specimens annealed at 750° C if  these are encapsulated 
in Si3N 4 rather than S i02. They propose a model in 
which fewer gallium vacancies, and hence compensa­
tion centres, are created when this dielectric is used. 
This model is apparently consistent with earlier 
published work by Gvulai et a l f  in which it was 
shown that gallium can accumulate upon the outer
surface o fS i0 2 encapsulating layers. This observation ; 
has been confirmed by d’Cruz7 and Hemment.8 How- I 
ever, both o f these workers find that the dielectric ; 
layers sometimes suffer mechanical failure with peel­
ing and blistering occurring. Blisters have also.been 
observed to burst, leading to exposure, o f the GaAs 
surface. Under these conditions it is not obvious 
whether bulk diffusion, surface diffusion or a con­
densation process is responsible for the gallium found 
on the outer surface o f the encapsulant. For this 
reason we assess the value o f the encapsulants as 
diffusion barriers, by determinations o f the composi- .
tion of the underlying GaAs surface, after removal '
o f the encapsulant, either in hydrofluoric acid or by j
ion sputtering,9 just prior to analysis. !
Determinations o f the composition o f the surface !
layer, to depths greater than the range o f implanted 
heavy ions, have been achieved by using the Ruther­
ford backscattering technique10 and electron spectros-. j 
copy (ESCA)11 combined with an ion sputtering gun. j
These two techniques are well suited to depth pro- j
filing o f the surface layers and tend to supplement !
one another. Rutherford backscattering is non- j
destructive, but has a relatively poor depth resolution |
o f the order o f 250 A , but quantitative information !
can be obtained about lattice damage and the site j
location of impurities. Electron spectroscopy, when j
combined with ion beam etching, is destructive but j
capable of yielding elemental and chemical depth J
profiles to a resolution o f about 20 A . Unfortunately |
the ion beam etching creates gross lattice damage i
which may modify the system. However, combining !
these two techniques and using transmission electron j
microscopy and transmission electron diffraction i
enables an analysis to be completed with confidence.
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2 RUTHERFORD BACKSCATTERING
In Figures la and lb we show part o f the non­
channelled energy spectra o f 1.5 MeV H e+ back- 
scattered from GaAs single crystals which have been 
encapsulated in S i02, heat treated at 600°C or 750°C  
and then etched to remove the encapsulant. The
GaAs, S i02 Encapsulated. 1. 5 MeV He' 
T a =  600°C
5 x 1015 T e + /c m 2, lOOKeV
1000
As
Implanted
o
><
500 -
Control
200 300100
Channel No.
FIG U R E la Backscatter spectra o f 1.5 MeV He+ incident 
upon GaAs specimens aligned in a <110) channelling direction. 
The dotted spectrum shows scattering from a control 
specimen which has been etched and not heat treated. The 
peaks correspond to gallium and arsenic atoms at the 
surface. The other spectra are from specimens heat treated 
at 600°C, one having been implanted with 5 x 1015 Te+/cm 2 ; 
these show an enhanced arsenic yield.
measurements have been made using the 2 MeV  
Van de Graaff accelerator at the University o f Surrey. 
The specimens were aligned in the <110) direction 
and the data collected using an Ortec surface barrier 
detector (FW HM — 12 keV) with a total charge 
collection for each spectrum of 6 juC. The beam spot 
diameter was 1 mm, with a maximum divergence o f 
< 0 .0 2 ° . With this facility it is possible to achieve 
good beam stability and energy resolution such that 
the gallium and arsenic surface peaks12 can be 
resolved. To a first approximation we may assume 
that the area under'these peaks in the scattering yield 
is directly proportional to the number o f gallium or 
arsenic atoms visible to the analysing beam of helium 
ions. The peaks can be considered to be due to two 
components, firstly that due to scattering from sur­
face atoms at the end o f the atomic rows and secondly
G aA s S i02 Encapsulated. 1. 5 MeV He 
T a =  750’C
5 x 101S T e +/c m 2, lOOKeV
1000 —
w
Implanted
Unimplanted
500
Control
300200100
Channel No.
FIGURE lb  Spectra as for Figure 1 but after heat treatment 
at 750°C. The unimplanted specimen shows both the gallium 
and arsenic yields to be similar but larger than the control 
specimen. The implanted specimen shows an enhanced 
gallium yield and arsenic depletion at the surface.
due to atoms beneath the surface which are o ff their, 
normal lattice sites. The curve labelled “ control” in 
Figure 1 shows the yield due to the first component, 
measured on an etched specimen which had not been 
beat treated. The enhanced arsenic yield observed 
from the specimen heat treated at 600°C suggests 
that gallium is preferentially lost from the surface, 
leaving it rich in arsenic. This effect is more pro­
nounced in the implanted specimen. Heat treatment 
at 750°C o f an unimplanted specimen now leads to 
loss o f both gallium and arsenic as the surface yield 
shows approximately equal area concentrations o f . 
both gallium and arsenic. In  marked contrast, the 
implanted specimen shows an enhanced gallium yield 
with a reduced arsenic yield. Unambiguous identifica­
tion of the gallium and arsenic signals has been possible 
as the tellurium yields (not shown) act as energy 
(channel number) scale markers. The good energy 
resolution has been used elsewhere by the authors 
to determine implanted tin and tellurium depth 
profiles.13’ 14
In Figure 1 c, which shows data collected under 
similar conditions to the previous figures, we illustrate 
the differences found in the surface composition of 
tin implanted GaAs, encapsulated with S i0 2 or Si3N 4 
after heat treatment at 700°C. A large gallium signal 
is observed from the S i0 2 encapsulated specimen, 
this being consistent with the tellurium implanted 
specimen. In contrast the Si3N 4 encapsulated specimen
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GaAs
1 x 1015 Sn+ /c m 2 
1SOKeV 
1. 5MeV He+
Ga
As
Sn
Channel No.
FIGURE lc  Backscatter spectra of 1.5 MeV Hefincident 
upon GaAs specimens aligned in a <110> direction after 
implanting 1 x 1015 Sn+/cm2 and annealing at 700°C using 
either Si0 2  or Si3N 4 as the encapsulant. The top spectra, 
for the Si0 2  encapsulated specimen, shows an enhanced 
gallium yield. In contrast the specimen encapsulated with 
S13N4 shows similar yields for gallium and arsenic.
shows arsenic and gallium yields which are similar to 
implanted specimens before heat treatment. Again 
the implanted impurity (Sn) provides a scale marker 
for unambiguous identification o f the gallium peak.
3 ELECTRON SPECTROSCOPY
3.1 Silicon Dioxide
A typical photoelectron energy spectrum o f virgin 
single crystal epitaxial GaAs is shown in Figure 2. 
This was measured using a Vacuum Generator’s 
Limited ESCA II  electron spectrometer, using A1 
Kq x-ray excitation. Also, the LMM Auger electron 
peaks due to gallium and arsenic are included in the 
particular spectrum shown in the figure. Many 
workers15-16 have shown that the kinetic energy of
Epitaxial GaAs
o <
o
GaLMM
100 200 300 400
Binding Energy eV.
500 600
FIGURE 2 A photoelcctron energy spectrum o f undamaged 
single crystal epitaxial GaAs as measured in the electron 
spectrometer using A1 Ka x-ray excitation. In addition the 
gallium and arsenic LM M  Auger electron peaks are included. 
The insert also shows the Auger oxide peak, the height o f 
which is used to determine the gallium oxide concentration.
ejected electrons can be related to the chemical bond­
ing o f the parent atom. In particular Castle17 has 
recently shown that the area under the “ oxide” peak 
can be quantitatively related to the area concentration 
of oxides o f elements in the series Fe, Co, N i, Cu, Zn, 
Ga, Ge, As and Se. We have used this fact to determine 
the oxidation state o f our heat treated GaAs specimens. 
Further, we have measured, under carefully controlled 
conditions, the relative yields o f electrons ejected 
from GaAs specimens to determine the composition 
o f the surface layer. The photoelectron peaks are 
labelled in Figure 2 using x-ray nomenclature. The 
Auger electron peaks are included and in the case o f 
the gallium signal show an oxide peak, which is shown 
enlarged in the insert. The presence of a thin film o f 
gallium oxide is typical of virgin material and trans­
mission electron diffraction on other specimens 
suggests that this may be the 5 polymorph o f Ga2 0 3.
Specimens encapsulated in S i02 , heat treated at 
600°C or 750°C, and with the encapsulant etched 
off in hydrofluoric acid have been depth profiled, • 
using an ion sputtering gun. The results, which are 
shown in Figures 3a. 3b and 4, have been determined
Ga As, S i02 Encapsulation.
1 2  3 4
Ion Etching Tim e, mins.
FIG UR E 3a The dependence o f the gallium and arsenic 
Auger yields is shown as a function of ion beam etching time. 
After heat treatment at 6O0°C the surface is deficient in 
gallium and rich in arsenic.
Ga As, Si 0 2 Encapsulation. E41
T -  =  75<TC 
As a
900 A
Ga Oxide
5 1C 15 20
Ion Etching Time, mins.
FIGURE 3b After heat treatment at 750°C the gallium 
to arsenic ratio varies only slowly with ion etching time. 
However, the presence of a gallium oxide signal is now 
detected. The oxide signal recorded after etching for 18 
minutes represents a background yield and this limits the 
sensitivity to detect gallium oxide to — 10  atomic %.
from measurements o f the intensity o f the Auger 
signals. In addition measurements have also been 
made o f the photoelectron intensities which confirm 
the Auger data. Because o f the uncertainties relating 
to the ion etching rate, a depth scale is not included 
in the figures, although the total thickness o f material 
removed has been estimated from other independent 
calibration measurements and is included. The 
intensities are on arbitrary scales for each specimen; 
for any given specimen the relative values are 
reliable to ±5% or better. From an analysis of 
chemically etched GaAs specimens before heat 
treatment we find, as a function of ion etching time 
(depth), that the gallium and arsenic Auger yields at
Si02 Encapsulated 
5 x 1013 T e + cm-a. at 100 KeV
As
100
Ga
~300 A
Ga. Oxide
T e
Ion Etching T im e ( mins).
FIG UR E 4 The composition is shown, as a function of 
depth, of a specimen implanted with 5 x 10IS Te+/cm 2 at ; 
100 keV and annealed at 750° C using S i02 as an encapsulant. 
The tellurium depth distribution has been determined from ! 
the Mv photoelectron yield. The total gallium yield exceeds j
the arsenic yield. A large gallium oxide signal is recorded ■
which shows the oxide to be present to a depth o f >  300 A.
first increase and then become independent of the 
ion etching time. As the carbon photoelectron peak 
is lost after the initial etching period, it is assumed 
that surface cleaning is occurring and that the final 
yields are typical o f bulk GaAs. The ratio o f the 
arsenic to gallium yields is 1.25, with day to  day 
variations o f ±15%. From Figure 3a it can be seen that 
the specimen annealed at 600°C is rich in arsenic and 
deficient in gallium to a depth in excess o f 100 A.
The specimen heat treated at 750°C shows relative 
yields of gallium and arsenic appropriate to virgin 
GaAs but most significantly almost 20% o f the sur­
face gallium signal is due to oxidized gallium. The 
oxide signal assumes a constant value of an estimated 
depth of several hundred angstrom units beneath the 
surface. This constant, or background signal, is due 
only to the method o f measurement and limits the 
detection sensitivity to oxide concentrations to about 
10 atomic %. The oxide has been identified by trans­
mission electron diffraction using a Jeol JEM 120 
electron microscope to be the (3-polymorph o fG a 20 3.
Analysis o f similar specimens but which have 
previously been implanted with 5 x 1015 T e +/cm 2 
at 100 keV shows that Ga20 3 more readily forms 
during heat treatment. In the case.of a specimen 
annealed at 750°C, 50% o f the surface gallium was 
in an oxidized state (see Figure 4). Further the total 
gallium yield (Ga metallic+ GaoXjcle) exceeded the 
surface arsenic yield with the oxide signal extending 
to a depth comparable to the range o f the implanted ! 
tellurium ions. However, the uncertainty in the 
depth scale is greater in this case, as the original
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GaAs surface was lost, since the highly oxidized 
layer is weakly soluble in hydrofluoric acid. Examina­
tion o f similar specimens by transmission electron 
microscopy confirms the existence of an oxide layer 
of /3-Ga20 3 whose thickness is comparable to the 
range o f the implanted ions. In the case of low dose 
specimens the oxide is thinner, there being a high 
density of dislocation loops lying beneath this layer. 
In high dose specimens the oxide apparently extends 
completely through the implanted layer as no dis­
location loops are visible beneath the oxide.18
From independent measurements14 the authors 
have established that in heat treated specimens 
similarly implanted to a dose o f 5 x 1015 T e+/cm2 
at 100 keV, the peak tellurium concentration is about 
5 x 102O/cm3, occurring at a depth o f about 300 A. 
This impurity concentration is found to give a ratio 
of the tellurium M y photoelectron yield to back­
ground yield o f approximately 4 to 1. It  is thus 
possible to use the tellurium signal to calibrate the 
depth scale. It  is found in all tellurium implanted, 
heat treated specimens that some out-diffusion of 
tellurium occurs,14 leading to an unexpectedly high 
surface concentration. However, the very high surface 
concentration shown in Figure 4, and found in other 
similar specimens, may not be real but due to pre­
ferential etching o f the GaAs and Ga2 0 3.
3.2 Silicon Nitride
Characteristics o f these nitrides have been their 
uniformity o f thickness and resistance to concentrated 
hydrofluoric acid. For these reasons it has been 
possible to time the chemical etching of the encap- 
sulant after heat treatment such that a thin layer 
still remains when the specimen is transferred to the 
electron spectrometer. Thus the surface layer o f the 
GaAs specimen can be depth profiled with the aid o f 
the ion sputtering gun without prior exposure o f that 
surface to an oxidizing atmosphere.
Upon depth profiling a specimen heat treated at 
750°C, the ratio o f the silicon L n and'nitrogen K  
photoelectrons remained constant and then both 
signals smoothly dropped as the gallium and arsenic 
LM M  Auger signals increased. Within experimental 
errors the gallium to arsenic ratio was constant and 
the gallium oxide signalwas not above the back­
ground noise. Results from a similarly encapsulated 
specimen implanted with 3 x 1015 Te+/cm 2 at 50 keV  
and also heat treated at 750°C are shown in Figure 5. 
All yields are increased by a short 15 second ion 
bombardment, presumably due to the removal of
E l lGa As with Si3 N,. Encapsulation. 
T a =-750'C
3 x 1015 T e +/c m 2 at 50 KeV
AsNitrogen p. e.
SS►4 170 A
Te
Ga Oxide
10 .6 82 4
Ion Etching, time, mins.
F IG UR E 5 Depth profiles for a specimen implanted with
3 x 1015 Te+/cm2 at 50 keV and annealed at 7509C using 
Si3N 4. The increase in the gallium and arsenic yields occurs 
as the Si3N4 is sputtered o ff (nitrogen phcto-electron yield 
decreases) exposing a larger GaAs surface. This specimen 
shows an almost constant gallium to arsenic ratio and little  
evidence for the presence o f gallium oxide.
adsbrbed contaminants. Both the silicon and nitrogen 
photoelectron yields drop rapidly with increased ion 
etching time, whilst the gallium and arsenic Auger 
signals increase smoothly with a constant ratio to one 
another. The yield due to oxidized gallium is 
independent of depth and at the background level, 
except for the small enhancement after the first ion 
etch. Apart from this layer, which is estimated to 
be within 10-20 A o f the surface, it is assumed that 
any oxidized gallium is at a concentration level below 
10 atomic %. The gradual increase in the gallium and 
arsenic signals is assumed to be due to the non- 
uniform exposure o f the GaAs surface during etching 
which in turn is due to variations in thickness o f the 
Si3N 4 and the non-uniform ion etching rate laterally 
across the specimen. An oxygen photoelectron yield 
has been detected and whilst this is in no way sur- - 
prising, the authors suggest that this signal is, at least 
in part, due to oxygen in the Si3N 4. This conclusion 
is reached as depth independence was found for the 
oxygen K-photoelectron yield in the Si3N 4 film on 
the unimplanted specimen.
The Si3N 4 encapsulated specimen also shows a 
surface build up o f implanted tellurium but to a 
smaller extent than in Figure 3. This appears to con­
firm that preferential chemical dissolution is respon­
sible for the higher tellurium concentration found 
in the S i02 encapsulate specimens.
4 SUM M ARY AND CONCLUSIONS
Rutherford backscattering, electron spectroscopy 
(ESCA) and transmission electron diffraction have
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been used to assess the suitability of S i02 and Si3N 4 
as encapsulants o f GaAs during high temperature heat 
treatment. These layers are commonly used to inhibit 
surface degradation of ion implanted GaAs when 
annealing above 500°C. Before heat treatment, the 
quality o f the layers is assessed visually and with the 
aid o f a scanning electron microscope: after heat 
treatment it is required that these layers still remain 
continuous and free from blisters and surface 
perturbations. Independent electrical measurements 
on S i02 encapsulated specimens implanted with  
cadmium or tellurium show, after annealing, electrical 
activity comparable to that reported by other 
groups.19’5 The authors deduce from this observation 
that, as barriers to diffusion, the S i02 layers are com­
parable to those grown in other laboratories.
The GaAs surfaces have been analysed after removal 
o f the encapsulant either in hydrofluoric acid or by 
ion beam etching. Specimens encapsulated in S i02 
and heat treated at 600°C show an excess o f arsenic 
and are deficient in gallium. Out diffusion o f gallium, 
as proposed by Gyulai et a l ,6 is thus confirmed. Upon 
heating at 750°C, j3-Ga20 3 is formed but the total 
concentrations o f gallium and arsenic are close to 
those o f bulk material with the atoms lying on or 
close to lattice sites. The creation of lattice damage 
by ion implantation enhances these surface changes 
with up to 50% o f the gallium being bonded to 
oxygen after heat treatment at 750°C. The diffusion 
mechanism responsible for the formation o f this oxide 
is not known but it is assumed to be a combination 
of in-duffusion through the S i0 2 layer, enhanced by 
free oxygen within the S i02. Specimens similarly heat 
treated at 750°C, but instead encapsulated with 
Si3N 4, show within experimental limitations, no 
gallium oxide and gallium and arsenic in proportions 
typical o f bulk material.
The experimental observation that oxygen can be 
the major impurity in implanted, heat treated GaAs is 
o f significance. This is particularly important in a 
binary semiconductor in which it is necessary to 
consider the concentrations o f the constituents o f 
both sub-lattices. The presence o f an unknown con­
centration o f an impurity which is bonded pre­
ferentially to one component may invalidate the 
conclusions drawn from experimental measurements 
of Hemment,20 who was testing the use o f dual 
implants (Te +G a).
It  is found that Si3N 4 is a superior encapsulant 
to S i02, presumably as it is both a better diffusion 
barrier and is grown in an oxygen-free atmosphere.
However, the experimental sensitivity only enables 
oxidized gallium to be detected if  it is at concentra­
tions greater than 10 atomic %. Clearly more sensitive 
methods are required i f  one is to establish the role of 
oxygen as the impurity inhibiting high activity in 
donor implanted specimens.
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